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S U M M A R Y  

In 1977 a w i n d  tunnel  t e s t  program was conducted t o  d e f i n e  t h e  

c r u i s e  performance and de te rmine  any l i m i t a t i o n s  t o  l i f t  and 

p r o p u l s i v e  f o r c e  of a conven t iona l  h e l i c o p t e r  r o t o r .  T h i s  t e s t  

was performed on  a 2.96 f o o t  r a d i u s  model r o t o r  i n  t h e  Boeing 

Vertol W i n d  Tunnel .  The o b j e c t i v e s  of  t h i s  program were a s  f o l l o w s :  

1 .  Determine t h e  maximum l i f t  and p r o p u l s i v e  f o r c e  

o b t a i n a b l e  from an a r t i c u l a t e d  r o t o r  f o r  advance 

r a t i o s  of 0 . 4  t o  0 .67 .  

2 .  E s t a b l i s h  t h e  b lade  load growth a s  t h e  l i f t  

approaches  t h e  1 imi t .  

3 .  O b t a i n  c r u i s e  r o t o r  performance f o r  advance r a t i o s  

of  0 . 4  t o  0 .67 .  

4 .  Determine t h e  s e n s i t i v i t y  o f  t h e  r o t o r  f o r c e s  and 

moments t o  r o t o r  c o n t r o l  i n p u t s  a s  t h e  l i f t  l i m i t  

i s  approached.  

5 .  Define t h e  e f f e c t  of advancing t i p  Mach,number on  

t h e s e  l imi t s .  

6 .  Determine t h e  b l ade  f l a p p i n g  response  t o  a s t e p  

i n p u t  i n  c y c l i c  a s  t h e  l i f t  l i m i t  i s  approached.  

A summary of t h e  c o n d i t i o n s  t e s t e d  i s  p r e s e n t e d  i n  Table  1 . 1 .  

T h e  C-60 A e r o e l a s t i c  Rotor Ana lys i s  Program was used t o  c o r r e l a t e  

p r e d i c t i o n s  w i t h  t he  measured performance d a t a  from t h e  t e s t  

d e s c r i b e d  above. A t  low speeds ,  1 ~ .  = 0 . 3 ,  ( F i g u r e  1 )  t h e  c o r r e l a t i o n  

i s  e x c e l l e n t  w i t h  t h e  a n a l y s i s  matching the  t e s t  r e s u l t s  a t  a l l  

1 



t h r u s t  l e v e l s .  A t  t h e  h ighe r  advance r a t i o s ,  p = 0 . 5 3 ,  ( F i g u r e  2 )  

t h e  a n a l y s i s  fo l lows  t h e  same t r e n d  of  l i f t  c o e f f i c i e n t  versus  

power c o e f f i c i e n t  a s  t h e  t e s t  d a t a ,  b u t  t h e  magnitude of power 

c o e f f i c i e n t  r e q u i r e d  i s  l e s s  f o r  a n a l y s i s  t h a n  t e s t  f o r  a f i x e d  

l e v e l  of l i f t  c o e f f i c i e n t .  I n  g e n e r a l ,  t h e  l i f t  l i m i t  p r e d i c t e d  

by C-60 i s  h ighe r  than o b t a i n e d  i n  t e s t .  The t h e o r e t i c a l  t r e n d  

of l i m i t  l i f t  c o e f f i c i e n t  ve r sus  advance r a t i o ,  a s  shown i n  

Figure 3 ,  fo l lows  t h e  t r e n d  e s t a b l i s h e d  by t e s t ,  v e r i f y i n g  t h e  

c a p a b i l i t y  o f  t h e  a n a l y s i s  a s  an e f f e c t i v e  too l  f o r  unde r s t and ing  

r o t o r  1 imi t s .  

The c a p a b i l i t y  of t h e  a n a l y s i s  t o  p r e d i c t  l oads  was a l s o  inves -  

t i g a t e d .  The f l a p  bending waveform c o r r e l a t i o n  i s  g o o d .  A t  b o t h  

low speeds ( F i g u r e  4 )  a n d  high speeds  ( F i g u r e  5 ) ,  t h e  phase and 

magnitude of t h e  a n a l y t i c a l  waveforms compare f a v o r a b l y  with t h e  

t e s t  waveforms. The l a r g e s t  d i f f e r e n c e  i s  a t  high speed near  t h e  

l i f t  c o e f f i c i e n t  l i m i t  where t h e  a n a l y s i s  and t e s t  d o  n o t  ag ree  i n  

t h e  reg ion  o f  = O o .  The midspan t o r s i o n  bending waveform 

c o r r e l a t i o n  i s  summarized f o r  low speed i n  F igure  6 a n d  f o r  high 

speed i n  F igure  7 .  The theo ry  a n d  t e s t  ag ree  over  much o f  t h e  

azimuth a t  low l i f t  c o e f f i c i e n t s  and t h e  c o r r e l a t i o n  i s  f a i r  a t  t h e  

h ighe r  l i f t  c o e f f i c i e n t s  t h r o u g h o u t  t h e  speed r ange .  The a n a l y s i s  

i n  genera l  shows a tendency t o  s t a l l  a t  a lower c o e f f i c i e n t  b u t  t h e  

t e s t  shows a g r e a t e r  degree  o f  s t a l l  a t  t h e  h i g h e s t  r o t o r  l i f t  

c o e f f i c i e n t  l e v e l s  near  t h e  l i f t  l i m i t .  The peak-to-peak c o r r e l a t i o n  

i s  very good  i n  most  i n s t a n c e s  and t h e  phases a r e  u s u a l l y  p r e d i c t e d  



w i t h i n  30°. The t e s t  does i n d i c a t e  conven t iona l  s t a l l  o c c u r r i n g  

a t  225O r o t o r  azimuth which i s  n o t  r e f l e c t e d  i n  t h e  t h e o r y  a t  t he  

low advance r a t i o .  A t  h i g h  r o t o r  l i f t  c o e f f i c i e n t s  t h e  r o t o r  i s  

s t a l l i n g  f o r e  and a f t  a s  demonst ra ted  by t h e  r a p i d  d e c r e a s e  i n  r o o t  

t o r s i o n  l o a d s  a t  30° and 180° r o t o r  az imuth ,  seen  i n  t h e  t e s t  d a t a .  

T h i s  a g r e e s  w i t h  t h e  r e s u l t  t h a t  t h e  t e s t  shows a lower l i f t  l i m i t  

than  t h e  a n a l y s i s .  Overa l l  t h e  c o r r e l a t i o n  i s  s u f f i c i e n t l y  a c c u r a t e  

t o  make t h e  r o t o r  l i m i t s  i n v e s t i g a t i o n  meaningfu l .  

The e x p l a n a t i o n  f o r  t h e  r o t o r  behav io r  a t  h i g h  t h r u s t  l e v e l s  was 

found t o  be r e l a t e d  t o  t h e  aerodynamic l o a d s  a c t i n g  o n ’ t h e  e l a s -  

t i c a l l y  d e f l e c t e d  b l a d e .  The az imutha l  v a r i a t i o n  of  t h r u s t  per b l a d e  

i s  p r e s e n t e d  i n  F igu re  8 .  T h e  t h r u s t  i s  developed f o r e  and a f t  i n  t h e  

d i s c  p l a n e .  The s t a l l e d  r eg ion  a t  rl/ = 30° f o r  t h e  b l a d e  w i t h  s t a l l -  

a b l e ,  f u l l y  compress ib l e  aerodynamics i s  symptomatic o f  t h e  th rus t  

waveforms a t  h i g h  speed  n e a r  t h e  l i f t  l i m i t .  Th i s  does n o t  occur  

w h e n  l i n e a r  aerodynamics a r e  used i n  the  a n a l y s i s ,  because t h e  b l ade  

does  n o t  s t a l l  o n  t h e  r e t r e a t i n g  s i d e ,  a l l o w i n g  t h e  r o t o r  t o  c a r r y  

more l i f t  l a t e r a l l y ,  t h e r e b y  r educ ing  t h e  l i f t  r equ i r emen t  f o r e  and 

a f t .  I t  was shown t h a t  t he  n o n l i n e a r  aerodynamic l o a d s  a c t  on t h e  

t i p  o f  t h e  b l a d e ,  which i s  e l a s t i c a l l y  d e f l e c t e d  t i p  down due t o  a 

combinat ion o f  t h r u s t  and c e n t r i f u g a l  moment, p l u s  t he  l a r g e  nosedown 

aerodynamic moment, t o  cause  a nosedown t w i s t  on t h e  advancing b l a d e s  

a t  rl/ = 4 5 O  a s  t h e  l i f t  approaches  t he  s t a l l  l i m i t .  The b l a d e  becomes 

u n s t a l l e d  and t h e  l i f t  can i n c r e a s e  a g a i n .  As the  b l ade  approaches  

3 



$ = 90°, t h e  l o n g i t u d i n a l  c y c l i c  i n  c o n j u n c t i o n  with t h e  i n c r e a s i n g  

i n p l a n e  v e l o c i t y  reduces  t h e  s e c t i o n  a n g l e  of a t t a c k  t o  t h e  p o i n t  

where i t  i s  n e g a t i v e  r e s u l t i n g  in  t h e  l a r g e  n e g a t i v e  l i f t .  

The f l a p  bending waveforms r e f l e c t  a d o w n w a r d  d e f l e c t i o n  a t  t h e  

h i g h e r  t h r u s t s .  The b l ade  p i t c h  m o t i o n  j u s t  d e s c r i b e d  can be seen 

c l e a r l y  in  t h e  midspan t o r s i o n  waveforms. The b lade  begins  t o  

s t a l l  near  J, = 45O, r ecove r s  from s t a l l ,  then shows a l a r g e  i n c r e a s e  

i n  nosedown moment a r o u n d  J, = 180'. 

To v e r i f y  t h e  c o n t r i b u t i o n  of b l ade  e l a s t i c  response  d u r i n g  and 

a f t e r  s t a l l  a comparison of t h r u s t  per  b lade  was made f o r  a r i g i d  

and e l a s t i c  b l a d e ,  shown in  F igure  9 .  I t  i n d i c a t e s  t h a t  a t  30' a n d  

150°  r o t o r  azimuth t h e  l i f t  of  t h e  r i g i d  b lade  i s  h i g h e r  a s  a r e s u l t  

of  t h e  b l ade  n o t  being a b l e  t o  t w i s t  more nosedown when s u b j e c t e d  t o  

t h e  l a r g e  nosedown aerodynamic moment. F o r  t h e  e l a s t i c  b l a d e ,  f l a p -  

wise d e f l e c t i o n  and d r a g  combine t o  t w i s t  t h e  b lade  f u r t h e r  nosedown 

when s u b j e c t e d  t o  t h e  l a r g e  nosedown aerodynamic moment. 

A comparison of t h e  r a p i d  p r e l i m i n a r y  des ign  r o t o r  performance 

a n a l y s i s  w i t h  t e s t  d a t a  i s  p re sen ted  in  F igure  1 0  i n  terms of 

maximum rotor l i f t  t o  e f f e c t i v e  d r a g  r a t i o .  The comparison shows 

t h e  p r e d i c t i o n  t o  be s l i g h t l y  low ( a  maximum of 8 % )  a t  advance 

r a t i o s  below 0 . 4  a n d  s l i g h t l y  high ( a  maximum of 1 5 % )  a t  advance 

r a t i o s  between 0 . 4  and approximate ly  .58.  This  provides  an adequate  

too l  f o r  p r e l i m i n a r y  des ign  s t u d i e s  w i t h  numerous r o t o r  c o n f i g u r a -  

t i o n s  from pure h e l i c o p t e r  t o  compounds. 



The c o n t r a c t  r e s e a r c h  e f f o r t  which l ed  t o  t h e  r e s u l t s  i n  t h i s  

r e p o r t  was f i n a n c i a l l y  suppor t ed  by t h e  S t r u c t u r e s  Labora to ry ,  

USARTL ( A V R A D C O M ) .  
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TABLE" 1 RUN LOG 

3 

1 I ROTOR I 
TIP DVANCE 

RUN SPEED PATIO 1 NO- 1 vT r U 
TYPE OF 
TESTING 

LIFT LIMIT AND 
CGNTROL PO'dER 
TESTIEIG 

.4u 

- 
.45 

- 
.50 

- 
.53 

.n - 

.30 

. $7 
- 

CGMMENTS 

Blade Frequency Check 

Range - 0 Hover Performance and - 0 Lif t  Limits - 0 

Range .05 62 FPS Cruise Performance and 
124 FPS L i f t  L i m i t s  a t  Baseline 
124 FPS Rotor Tip Speed,Contral 
186 FPS Power Testing a t  30% 
248 FPS and 70% Cflo Max 

I I 

Range 248 FPS 

! I 

Range .Ol 279 FPS 
.os 
.10 
-20 

I 
1 I 

319 FPS 

.20 

Range 329 FPS I I I 
I 120 I 

Control System Problem 
Destroyed the Blades 

81 ade Frecruencv Check 
0 

N e w  set of blades 
torsional stiffness 
approx. 50% of standard 
blades and t w f s t  approx. 
10.4°(an increase of 35%) 
burned ou t  swashplate 
bearing. 

I I I I EN0 OF PAJU 1 
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TABLE "1 RUN LOG (continued) 

TYPE OF RUN 
TESTING NO. 

BASELINE ROTOR 219 
CHARACTER I ST I CS 

CHECK AND 221 
VERIFICATION 222 
RUNS 224 

. 
. 

- 
ROTOR 

T I P  
SPEED 
VT - 

Range 

.620 .53 Range . .05 
.05 
.05 
.05 
.05 

.45 .05 

, 

I I I I 

LIFf LIMIT 228 620 FPS .57 Range .05 
TESTING 245 025 

246 025 

' 229 620 FPS .61 05 I 248 1 1 1 Range I .075 

250 570 FPS .40 Range .05 
251 .45 
252 .50 
253 .53 

234 -08 
235 . oa 

TUNNEL 
SPEED 

V, COMMENTS 

For p Blade Frequency Check 

328 These runs were made t o  
ver i fy  that  the rotor  
performance or  P a r t  1 and 

310 FPS Part 2 were consistent and 
310 FPS d id  not include any model 
279 FPS fouling 

353 FPS Cruise performance in< 
l i f t  l i m i t s  a t  baseline 
rotor  t i p  speed 

378 FPS 

228 FPS Cruise performance and 
256 FPS l i f t  l i m i t s  a t  reduced 
285 FPS rotor  t i p  speed t o  define 
302 FPS ef fect  o f  advancting t i p  

Mach number. 

228 FPS 
256 FPS 
285 FPS 

325 FPS' 
348 FPS 
368 FPS 

302 FPS . _  - -- 

248 FPS Cruise performance and 

279 FPS 

propulsive force l i m i t s  
a t  baseline t i p  speed 

311 FPS 

~ 
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TABLE 1 RUN LOG (continued) 

sped fi c configuration 



.12 

.11 

.10 

0 .09 1 
h u 

z 
h 
2 w 
H 

h 
E4 w 
0 

h 
Fr 
H 
1-11 
Fr; .05 
0 
h 
0 
ffi 

I 

.08 

- 0 7  

-06 

.04 

.03 

LEGEND 

ANALYSIS 

&, TEST (RUN 29) 

- 

1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 

X/qd20 = 0.05 

= . 3  

0 .004 .008 .012 .016 .020 .024 .028 
ROTOR POWER COEFFICIENT % C / o  

P 

Figure 1 LOW SPEED PERFORMANCE CORRELATION SUMMARY 
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.12 

.11 

.10 

0 .09 
\ 

W 
2 

I3 

H 

H 

- 
E 

.08 

z1 
W '  . 07  

E 
Fr 
H 

.05 
p: 
0 
P 
0 
Fr; 

-04 

.03 

1/10 SCALE CH-47B ROTOR 
. ROTOR TIP SPEED = 620 FT/SEC 

X/qd20 = 0.05 

ANALYTICAL 
LIFT LIMIT 

1-I = .53 

ANALYSIS 

A TEST (RUN 50) 

0 .004 .008 -012 .016 .020 .024 .028 
ROTOR POWER COEFFICIENT Q, C / o  P 

Figure 2 HIGH SPEED PERFOWNCE CORRELATION StJPiMARY 
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. 1 6  

b > . 1 4  
B u 
1 

B .12 
E 
H 
W 
Err 
Err w 
0 u 
B 

IJ 

!Z . 0 6  
0 
B 

.10 

. 08  

8 
004  

0 02  

1/10 SCALE CH-47B ROTOR 
ROTOR T I P  SPEED = 6 2 0  FT/SEC 

X/qd2o = 0.05 

A 

1 LEGEND I b I  -ANALYSIS 

I A TEST I 

A b 

I 1 I I I I I 

0 0 . 1  0 . 2  0 . 3  0 . 4  0 .5  0 . 6  0 . 7  

ADVANCE RATIO -. u 

Figure 3 LIMIT LIFT COEFFICIENT VERSUS ADVANCE RATIO 
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1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 6 2 0  FTkSEC 

4 -  

2 -  

0 -  

-2 

-4 

X/qd2s. = 0 . 0 5  

40 

20 
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'-20 

--40 
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4 
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-4 

NM 
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CT'/o = . 0422  
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1 1 1 I 1 I I RAD 
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I 20 
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40 
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, , , , , , , IDEG '-40 
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EG 
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1 I I I I I & I  t 1 1 ' RAD 
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Figure 4 LOW SPEED FLAP BENDING MONENT WAVEFORM 
CORRELATION SUMMARY 
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1/10  SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 6 2 0  FT/SEC 

4 -  

2 -  

0 -  

-2 

DEG-4 
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40 
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0 
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0 -  
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DEG'4 
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-c . 

Figure 5 H I G H  SPEED FLAP BENDING MOMENT WAVEFORM 
CORRELATION SUMMARY 
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Figure 6 LOW S P E E D  T O R S I O N  MOMENT WAVEFORM 
C O R R E L A T I O N  SUMNARY 



1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 

1- lo 1 

0 -  0 0 -  1 p - l - - l O  -1 

DEG -2 -2 --20 

p = 0.53 X/qd20 = 0.05 

- 10 

0 

--lo 

- DEG 
-20 
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0 
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'Figure 7 HIGH SPEED TORSION MOMENT WAVEFORM 
CORRELATION SUMMARY 
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' 1/10 SCALE CH-478 ROTOR 
ROTOR TIP SPEED - 620 FT/SEC 

)I .I 0.53 CT'/m .114 X/qd2a = 0.05 

N 

- 

0-  

- 

LBS 

- 1 5 4  

(FIGURE 8 COMPARISON OF THRUST WAVEFORMS FOR 
ANALYSIS I LINEAR AND NON-LINEAR AERODYN 
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B 

ELASTIC BLADE 

0 

AZIMUTH POSITION 4 DEGREES 

FIGURE 9 COMPARISON OF THRUST WAVEFORMS FOR 
RIGID AND ELASTIC. BLADES 





1 . 0  S T R U C T U R A L  P R O P E R T I E S  A N D  M O D E L  DATA 

P r i o r  t o  s t a r t i n g  t h e  loads  a n d  performance c o r r e l a t i o n  e f f o r t ,  i t  

was necessa ry  t o  v e r i f y  t h a t  t h e  a n a l y t i c a l  model of t h e  s t r u c t u r a l  

p r o p e r t i e s  was c o r r e c t .  This  was done by comparing t h e  d i s t r i b u t e d  

parameter  model d a t a  gene ra t ed  by s t a t i c  t e s t i n g  a t  t h e  wind tunnel  

t o  t h e  t h e o r e t i c a l  phys i ca l  p r o p e r t i e s  ob ta ined  by computer a n a l y s i s  

of t h e  b lade  c r o s s - s e c t i o n s .  Where d i s c r e p a n c i e s  occurred  t h e  

a n a l y t i c a l  d a t a  was modif ied a s  r e q u i r e d .  

The s i g n i f i c a n t  d i f f e r e n c e  between t h e  computed and measyred phys ica l  

p r o p e r t i e s  was i n  t h e  r o o t  t o r s i o n a l  s t i f f n e s s  of t h e  b lade .  I n  t h e  

reg ion  o f  2 0 %  t o  40% of t h e  b lade  s p a n , t h e  measured t o r s i o n a l  r i g i d i t y  

was ' 13% s t i f f e r  t h a n  c a l c u l a t e d .  Converse ly ,  over  t h e  i n b o a r d  1 0 %  of 

t he  rotor t h e  t o r s i o n a l  s t i f f n e s s  of t h e  r o o t  end f i t t i n g  was measured 

t o  be 95% of t h e  t h e o r e t i c a l  va lue .  

Other m o d i f i c a t i o n s  t o  t h e  a n a l y t i c a l  model r e q u j r e d  were: small  changes 

t o  t h e  c o n t r o l  system s t i f f n e s s ,  a r e d u c t i o n  i n  t h e  e f f e c t i v e  i n - p l a n e  

d a m p i n g  c o e f f i c i e n t  a n d  t h e  a d d i t i o n  of t h e  s h e a r  c e n t e r  o f f s e t  e f f e c t s  

t o  t h e  t a b u l a t e d  p r o p e r t i e s .  The f i n a l  s e t  of d i s t r i b u t e d  p r o p e r t i e s  

were i n p u t  t o  t h e  D-01 computer p r o g r a m  t o  g e n e r a t e  a s e t  of lumped 

parameter  p r o p e r t i e s  f o r  use in  t h e  C-60 loads  computer p r o g r a m .  The 

d i s t r i b u t e d  p r o p e r t i e s  which were used in  t h e  a n a l y s i s  which fo l lows  

a r e  shown i n  F igu res  1 . 1  t h r o u g h  1 . 2 .  Add i t iona l  phys i ca l  p r o p e r t i e s  

d a t a  i s  p r e s e n t e d  i n  Table  1 .1 .  
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T A B L E  2 , 

S U M M A R Y  OF R O T O R  B L A D E  PHYSICAL PROPERTIES 

R o t o r  I .  D .  Number = S.N.  1 2 2 ,  1 2 3 ,  1 2 4 ,  1 0 1 ,  1 0 4 ,  1 0 5 ,  1 0 6  

R a d i u s  = 0 . 9 0 1 7  m ( 2 . 9 5 8 3  F T )  

Chord = 0 . 0 5 8 3  m ( 0 . 1 9 1 3  F T )  

F l a p  H i n g e  O f f s e t  = 0 . 0 5 3 8  m ( 2 . 1 2  I N . )  

P i t c h  A x i s  L o c a t i o n  = 0 . 0 1 4 6  m ( 0 . 5 7 3 8  I N . )  2 5 %  C H O R D  

B 1  a d e  A t t a c h m e n t  = 0 . 0 5 4 5  m ( 2 . 1 4 5  I N . )  

B l a d e  Twis t  = - 0 . 1 2 2 2  r a d  ( - 7 . 0  d e g r e e s )  LINEAR 

Disc Area  

Number o f  B 1  a d e s  = 3. 

F l a p  I n e r t i a  

Weigh t  Moment = 0 . 0 7 1 3  kgm ( 0 . 5 1 6  F T - L B )  

Lock Number = 6 . 7  

S o l  i d i  t y  = . 0 6 1 7 5  

= 2 . 5 5 4  m 2  ( 2 7 . 4 9 3 8  F T 2 )  

= 0 . 0 4 3 3  k g m 2  ( 0 . 0 3 1 9  s1u .g-FT2)  
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2 . 0  R O T O R  N A T U R A L  FREQUENCIES 

T h e  f i r s t  s t e p  i n  c o r r e l a t i n g  t h e  a n a l y s i s  and t e s t  r e s u l t s  r e q u i r e d  

t h e  d e f i n i ’ t i o n  o f  t h e  n a t u r a l  f r e q u e n c i e s  of t h e  r o t o r  system. 

D-01 coupled f l a p - p i t c h ,  uncoupled l a g  n a t u r a l  f requency  a n a l y s i s  

computer program was used t o  p r e d i c t  t h e  f i r s t  t h r e e  f l a p  and f i r s t  

chord e l a s t i c  modes a s  wel l  as  t h e  f i r s t  t o r s i o n  mode. In a d d i t i o n  

t h e  L-01 uncoupled a n a l y s i s  was used t o  p r e d i c t  t h e  f i r s t  t o r s i o n  

mode s i n c e  i t  i n c l u d e s  t h e  e f f e c t s  o f  t h e  a i r  s p r i n g  on  t o r s i o n a l  

f r e q u e n c i e s  w h i l e  D-01 p r e d i c t s  t h e  f r e q u e n c i e s  i n  a vacuum. 

T h e  

Figure 2 . 1  i l l u s t r a t e s  t h e  c o r r e l a t i o n  o f  the  a n a l y s e s  w i t h  t he  

measured modal f r e q u e n c i e s .  Note t h e  c o r r e l a t i o n  i s  q u i t e  g o o d  f o r  

a l l  f l a p  modes and t h e  f i r s t  e l a s t i c  chord mode p r e d i c t i o n  d e v i a t e s  

by l e s s  than  5 % .  T h e  p r e d i c t i o n  of t he  f i r s t  t o r s i o n  mode u s i n g  D-01 

i s  c o n s i d e r a b l y  lower than  t h e  t e s t  v a l u e s ,  while L-01 shows  good 

c o r r e l a t i o n  w i t h  t h e  measured d a t a .  T h i s  i n d i c a t e s  t h a t  t h e  a i r  s p r i n g  

e f f e c t s  on the  t o r s i o n a l  response  c h a r a c t e r i s t i c s *  a r e  s i g n i f i c a n t .  

C-SO i n c l u d e s  t h e s e  a e r o e l a s t i c  e f f e c t s  i n  i t s  a n a l y s i s .  

3.0 ESTABLISH VALIDITY OF LOADS ANALYSIS 

3.1 Performance C o r r e l a t i o n  

T o  have conf idence  i n  t h e  e x p l a n a t i o n  o f  t h e  t r e n d s  i n  r o t o r  l oads  and 

performance a s  t h e  l i f t  l i m i t  i s  approached,  i t  i s  impor t an t  t o  s u b -  

s t a n t i a t e  t he  p r e d i c t i v e  c a p a b i l i t i e s  of t h e  a n a l y t i c a l  t o o l s  w i t h  

r ega rd  t o  l o a d s ,  trim and performance p r e d i c t i o n s .  The comparison of 

t e s t  d a t a  w i t h  a n a l y s i s  was performed u s i n g  t h e  A e r o e l a s t i c  R o t o r  Ana lys i s  
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Program, C-60. 

The a e r o e l a s t i c  r o t o r  a n a l y s i s  c a l c u l a t e s  r o t o r  b l ade  f l a p w i s e ,  

chordwise and t o r s i o n a l  d e f l e c t i o n s  and loads  a s  wel l  a s  r o t o r  

performance, c o n t r o l  system f o r c e s  and v i b r a t o r y  h u b  l o a d s .  

Rhotors  w i t h  b l ades  of a r b i t r a r y  p lanform,  tw i s t  and r a d i a l  v a r i a t i o n  

i n  a i r f o i l  s e c t i o n  a r e  ana lyzed  i n  s t e a d y  s t a t e  forward f l i g h t  

c o n d i t i o n s .  The a n a l y s i s  i n c o r p o r a t e s  coupled f l a p w i s e - t o r s i o n  

d e f l e c t i o n s  and uncoupled chordwise d e f l e c t i o n s  o f  t h e  r o t o r  b l a d e s .  

The b lade  i s  r e p r e s e n t e d  by twenty ( 2 0 )  lumped masses ,  i n t e r c o n n e c t e d  

i n  s e r i e s  by e l a s t i c  e lements .  Boundary c o n d i t i o n s  f o r  e i t h e r  

a r t i c u l a t e d  o r  h i n g e l e s s  rotors a r e  a p p l i e d  a n d  t h e  s o l u t i o n  ob ta ined  

by expanding t h e  v a r i a b l e s  i n  a ten harmonic F o u r i e r  s e r i e s .  

A i r load  c a l c u l a t i o n s  i n c l u d e  t h e  e f f e c t s  o f  a i r f o i l  s e c t i o n  geometry,  

c o m p r e s s i b i l i t y ,  s t a l l ,  3-dimensional  f l ow,  unste,ady aerodynamics and 

non-uniform inf low.  S t a t i c  a i r f o i l  t a b l e s  a r e  used t o  account  f o r  

c o m p r e s s i b i l i t y ,  s t a t i c  s t a l l  and a i r f o i l  shape.  The uns teady  

aerodynamic loads  a r e  c a l c u l a t e d  by modifying the  s t a t i c  l oads  

r e s u l t i n g  from t h e  a i r f o i l  t a b l e s  t o  i n c l u d e  Theodorsen ' s  shed wake 

f u n c t i o n ,  dynamic s t a l l  e f f e c t s  based on o s c i l l a t i n g  a i r f o i l  d a t a  

and yawed f low a c r o s s  t h e  b l ade .  

T h e  non-uniform in f low c a l c u l a t i o n s  a r e  based on a t i p  and r o o t  v o r t e x  

t r a i l e d  from each b l ade .  T h r o u g h  an i t e r a t i v e  t e c h n i q u e ,  each t r a i l e d  

2 4  



v o r t e x  i s  made compa t ib l e  w i t h  the  c a l c u l a t e d  b l ade  l i f t  d i s t r i b u t i o n ,  

and t h e  l i f t  d i s t r i b u t i o n  i s  compa t ib l e  w i t h  t h e  non-uniform downwash 

f i e l d .  The v o r t e x  wake i s  assumed t o  be r i g i d  and d r i f t s  r e l a t i v e  t o  

t h e  h u b  w i t h  a c o n s t a n t  r e s u l t a n t  v e l o c i t y  composed o f  t h r u s t  induced 

downwash and t h e  a i r c r a f t  a i r s p e e d .  
e -  

Pre l imina ry  p r e d i c t i o n s  o f  r o t o r  performa 

requ i r emen t s  f o r  a given t h r u s t ,  a r e  s h o w n  i n  F i g  

r a t i o s  of  1-1 = . 3  and 1.1 = .53 

f c o e f f i c i e n t  o f  x / q d  cr = .05.  The 

t e s t  a t  = . 3  shows l e n t  c o r r e l a t i o n .  A t  1-1 = .53,  

a n a l y s i s  u n d e r p r e d i c t s  t h e  power  c o e f f i c i e n t ,  C p / a ,  by a co 

of approx ima te ly  25%. There 

p o s s i b l e  e x p l a n a t i o n s  why t h  

speed b u t  were o p t i m i s t i c  i n  power requi rement  p r e d i c t i o n s  

speeds .  

2 

One sugges t ed  e x p l a n a t i o n  was t h a t  t h e  a d d i t i o n a l  d rag  d u e  t o  t h e  

i n s t r u m e n t a t i o n  w i r e  b u n d l e s  was n o t  accounted f o r  i n  t h e  a i r f o i l  t a b l e  

l o o k - u p  r o u t i n e  f o r  Cd.  

an a d d i t i o n a l  c d  of , 015  a long  t h e  b l ade  due t o  t h e  s t r a i n g a g e  w i r i n g ,  

As seen  i n  F igu re  3.1.2 t h i s  r e s u l t s  i n  g r e a t l y  improved c o r r e l a t i o n  

A n  a t t e m p t  was made t o  i n c l u d e  i n  the  a n a l y s i s  

a t  1-1 = .53 b u t  t h e  c o r r e l a t i o n  a t  XI = . 3  i s  much worse. S i n c e  t h e  

c o r r e l a t i o n  was obv ious ly  degraded a t  low speed where the  flow c o n d i t i o n s  

a r e  b e t t e r  unders tood  than  a t  h i g h  speeds ,  t h e  A Cd = .015 m o d i f i c a t i o n  

t o  t h e  a n a l y s i s  was n o t  used. 

25 
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A i r f o i l  t e s t  d a t a  has  i n d i c a t e d  t h a t  f o r  h i g h  a n g l e s  of  a t t a c k  t h e  

l i f t  and p i t c h i n g  moment c o e f f i c i e n t s ,  and p o s s i b l y  t h e  d rag  

c o e f f i c i e n t ,  r e q u i r e d  m o d i f i c a t i o n  t o  t h e  e x i s t i n g  e q u a t i o n s  f o r  t h e  

23010 a i r f o i l .  These e q u a t i o n s  r e p r e s e n t  t h e  a i r f o i l  c h a r a c t e r i s t i c s  

between 20° and 3400 azimuth and a r e  t h e  same f o r  a l l  Mach n u m b e r s .  

The C-60 A e r o e l a s t i c  Rotor Ana lys i s  Program was modi f ied  s o  t h a t  

t h e  e q u a t i o n s  f o r  l i f t ,  d rag  and p i t c h i n g  moment c o e f f i c i e n t s  

could  be a d j u s t e d  u s i n g  1 9  s e p a r a t e  c o n s t a n t  c o e f f i c i e n t s  a p p l i c a b l e  

o v e r  v a r i o u s  a n g l e  of  a t t a c k  r a n g e s .  However one problem i s  t h a t  

t h e s e  e q u a t i o n s  a r e  f u n c t i o n s  o f  a n g l e  of a t t a c k  o n l y  and not  Mach 

number. Thus the  c o n s t a n t  c o e f f i c i e n t s  which modify t h e  a i r f o i l  

e q u a t i o n s  had t o  be a p p l i e d  a t  a l l  Mach numbers and no t  j u s t  f o r  t h e  

h i g h e r  Mach numbers. 

U s i n g  t h e  bes t  e s t i m a t e  o f  t h e  pa rame te r s  t o  modify t h e  a i r f o i l  

e q u a t i o n s  t h e  performance p r e d i c t i o n s  were r e p e a t e d .  The c o r r e l a t i o n  

o f  t h e  a n a l y s i s  a n d  t e s t  d a t a  a t  1-1 = - 3  and v = .53 a r e  shown i n  

F igu re  3 . 1 . 3 .  As can be seen  t h i s  a t t e m p t  t o  improve t h e  a n a l y t i c a l  

r e p r e s e n t a t i o n  of t h e  a i r f o i l  c h a r a c t e r i s t i c s  was no t  s u c c e s s f u l .  A t  

low speeds  the  a n a l y s i s  now shows an o p t i m i s t i c  power r equ i r emen t  a t  

low t h r u s t  l e v e l s  and a t  h i g h e r  t h r u s t s  t h e  a n a l y s i s  f a i l s  t o  p r e d i c t  

t h e  s h a r p  change i n  t he  s l o p e  of t h e  power r e q u i r e d  c u r v e .  A t  t h e  

h i g h e r  advance r a t i o  t he  c o r r e l a t i o n  i s  g e n e r a l l y  improved, though 

o n l y  s l i g h t l y .  Again a t  t h e  h i g h e r  v a l u e s  of  l i f t  t h e  o n s e t  o f  s t a l l  

i s  de l ayed  r e s u l t i n g  i n  t h e  c o r r e l a t i o n  a c t u a l l y  g e t t i n g  worse.  T h u s  

i t  appea r s  t h a t  t h e  c u r r e n t  r e p r e s e n t a t i o n  of a i r f o i l  c h a r a c t e r i s t i c s  

a t  high a n g l e s  of  a t t a c k  i s  s t i l l  t h e  most s u i t a b l e .  
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One f u r t h e r  e x p l a n a t i o n  f o r  t h e  v a r i a n c e  between a n a l y t i c a l  

performance p r e d i c t i o n s  and t e s t  d a t a  a t  h i g h  speeds was t h e  method 

o f  accoun t ing  f o r  t h e  t h r e e  dimensional  compress ib l e  f l o w  ' a t  t he  

r o t o r  t i p  and i t s  e f f e c t  o n  t h e  l i f t  and d rag  c o e f f i c i e n t s .  P r e v i o u s l y  

t h e  t i p  r e l i e f  e f f e c t s  were inc luded  i n  the  a i r f o i l  t a b l e s  by 
i 

modifying t h e  two-dimensional t a b l e s  based on  w i n d  tunnel  d a t a .  However 

t h i s  method d o e s  n o t  accoun t  f o r  t h e  e f f e c t s  of spanwise chang 

chord l e n g t h  and t h i c k n e s s  of the  r o t o r  b l ade .  John LeNard 

Gabr i e l  Boehler  o f  t h e  U S A A M R D L  Eus t i s  D i r e c t o r a t e  have f o  

procedure t o  d i r e c t l y  account  f o r  t he  th ree -d imens iona l  f low a t  t h e  ' 

t i p  which can b e  a p p l i e d  t o  t h e  two  dimensional  a i r f o i l  t a b l e s  

- _  (Refe rence  2 ) .  

- _  

The b a s i c  procedure  t o  account  f o r  t i p  r e l i e f  e f f e c t s  o n  C L  and C D  

i s  t o  f i r s t  de t e rmine  t h e  d i f f e r e n c e  i n  f low c h a r a c t e r i s t i c s  between 

t h e  two- and th ree -d imens iona l  c a s e s  r e p r e s e n t e d  by a n  increment  i n  

f r e e  s t ream v e l o c i t y .  T h i s  r e s u l t s  i n  a lower l a c a l  Mach n u m b e r  f o r  

t he  b l a d e  e l emen t ,  which i n  t u r n  r e s u l t s  i n  a change i n  t h e  dynamic 

p r e s s u r e .  The new l o c a l  Mach number and dynamic p r e s s u r e  a r e  used 

w i t h  t h e  o r i g i n a l  s e c t i o n  a n g l e - o f - a t t a c k  t o  compute t h e  c o r r e c t e d  

l i f t  and drag  c o e f f i c i e n t s .  Due t o  t h e  n a t u r e  of t h e  f l o w  c o r r e c t i o n s  

f o r  t h ree -d imens iona l  f l o w  a t  t h e  t i p  and because of t h e  n a t u r e  o f  t h e  

normal shape o f  t h e  C L  and C D  versus Mach number c u r v e s ,  t he  t i p  

t i o n s  a r e  only  i n i t i a l l y  e f f e c t i v e  around Mach numbers 

r e a l  impact  o f  t h e  t i p  r e l i e f  c o r r e c t i o n s  i s  f e l t  a t  

approaching  .825 o r  g r e a t e r .  

The performance p r e d i c t i o n s  f o r  1.1 = . 3  and 0 = . !j3 ( b o t h  a t  x = . 0 5 )  

, 30 - 



were r e p e a t e d  u s i n g  two-dimensional t a b l e s  and t h e  LeNard t i p  r e l i e f  

c o r r e c t i o n .  The d i f f e r e n c e s  i n  performance p r e d i c t i o n s  from the  

b a s e l i n e  were q u i t e  smal l  a t  both advance r a t i o s .  T h i s  r e s u l t  was 

q u i t e  s u r p r i s i n g  and war ran ted  f u r t h e r  i n v e s t i g a t i o n .  I t  was f o u n d  

t h a t  d e s p i t e  forward speeds  of u p  t o  225 k n o t s ,  t h e  pr imary t i p  speed 

was only  620 f t / s e c  s o  t h a t  t h e  maximum advancing b l ade  Mach number  

was approximate ly  .98.  T h u s  over most of t h e  b l a d e  t h e  l o c a l  Mach 

n u m b e r  w o u l d  be s m a l l e r  than  .85 and a t  speeds  be low 225 k n o t s  t h e  

advancing b l ade  t i p  Mach number may n o t  even reach  .825. Desp i t e  

t h e  h i g h  speed t e s t i n g  which was performed t h e  r o t o r  g e n e r a l l y  o p e r a t e s  

o u t s i d e  t h e  regime where t h e  t i p  r e l i e f  e f f e c t s  a r e  s i g n i f i c a n t .  

T h e r e f o r e ,  t h e  LeNard c o r r e c t i o n  d i d  n o t  produce t h e  d e s i r e d  b e n e f i t  

of improved performance c o r r e l a t i o n .  The LeNard t i p  r e l i e f  t h r e e -  

dimensional  c o r r e c t i o n  was used i n  a l l  subsequent  a n a l y s i s  because of 

i t s  b e t t e r  r e p r e s e n t a t i o n  of t h e  t i p  e f f e c t s .  

The c o r r e l a t i o n  o f  a n a l y t i c a l  performance p r e d i c t * i o n s  a s  measured by 

l i f t  c o e f f i c i e n t  (C,'/o) and power c o e f f i c i e n t  ( C  / o )  a s  compared t o  

w i n d  t unne l  t e s t  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s , 3 . 1 . 4  t h r o u g h  3.1.8. 

T h e  c o r r e l a t i o n  e f f o r t  was performed a t  advance r a t i o s  of . 3 ,  . 4 ,  . 45 ,  

.53 and .61 f o r  a p r o p u l s i v e  f o r c e  c o e f f i c i e n t  of x = .05  a t  s e v e r a l  

l eve l s  o f  l i f t .  In a d d i t i o n  a t  1.1 = . 4 ,  .45 ,  .53 and .61 f o r  a f i x e d  

v a l u e  of l i f t  t h e  p r o p u l s i v e  f o r c e  c o e f f i c i e n t  was v a r i e d .  

P 

T h e  r e su l t s  of t h e  performance c o r r e l a t i o n  a t  1.1 = . 3  and x = .05  a r e  

seen  i n  F i g u r e  3.1.4.  The a n a l y s i s  and t e s t  d a t a  a g r e e  q u i t e  w e l l ,  

' 31 
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a s  would be expec ted  f o r  t h i s  speed range which i s  t y p i c a l  of a 

conven t iona l  a i r c r a f t .  F igure  3 . 1 . 5  i s  a s i m i l a r  p l o t  f o r  1-1 = . 4  

(147 k n o t s ) .  

Beyond t h i s  p o i n t  t h e  t e s t  shows t h a t  i n c r e a s i n g  c o l l e c t i v e  produces 

small  g a i n s  i n  l i f t  a s  power requirements c o n t i n u e  t o  r i s e .  T h e  

a n a l y s i s  i s  a b l e  t o  reach  a l i f t  c o e f f i c i e n t  of CT ' / a  = .12 b e f o r e  

a l i m i t  i s  de te rmined .  The a n a l y t i c a l  l i m i t  i s  c h a r a c t e r i z e d  by a 

l a r g e  i n c r e a s e  i n  power r e q u i r e d  f o r  a small  change i n  l i f t  and 

s imul t aneous ly  t h e  a n a l y s i s  i s  unable  t o  match t h e  r e q u i r e d  p r o p u l s i v e  

f o r c e  and s i d e  f o r c e  trim c o n d i t i o n .  T h e  a n a l y s i s  i n d i c a t e s  a 15% 

h i g h e r  l i f t  l i m i t  than  achieved  i n  t h e  t e s t .  

The a n a l y s i s  fo l lows  t h e  t e s t  d a t a  u p  t o  CT?a = ,104.  

A t  i.1 = .45  ( F i g u r e  3 .1 .6 )  t h e  r o t o r  i s  approaching  the  l i m i t s  of normal 

h i g h  speed f l i g h t  f o r  the  s t a n d a r d  tandem a r t i c u l a t e d  r o t o r  

(165-170 k n o t s ) .  A t  t h i s  forward speed the  a n a l y s i s  i s  o p t i m i s t i c  

i n  t h e  p r e d i c t i o n  of power r e q u i r e d  b u t  does f o l l o w  t h e  t rend  of t h e  

t e s t  d a t a  u p  t o  a l i f t  c o e f f i c i e n t  of CT ' /o  = ,093 .  

1-1 = . 4  c a s e  t h e  t e s t  d a t a  r eaches  a l i f t  l i m i t  a t  t h i s  p o i n t  w i t h  

As w i t h  t he  

f u r t h e r  i n c r e a s e s  i n  c o l l e c t i v e  r e s u l t i n g  i n  h ighe r  power r equ i r emen t s  

w i t h  no  g a i n  i n  l i f t .  T h e  a n a l y s i s  p r e d i c t s  t he  r o t o r  could ach ieve  

a l i f t  c o e f f i c i e n t  o f  C T ' / o  = .113 b e f o r e  t h e  r a p i d  i n c r e a s e  i n  power 

requi rement  and i n a b i l i t y  t o  trim t h e  r o t o r  occur .  T h i s  i s  21% 

g r e a t e r  than  t h e  t e s t  i n d i c a t e d  f o r  a l i f t  l i m i t .  

A t  195 k n o t s  (1-1 = .53)  and 2 = . 05 ,  g iven  i n  F igu re  3 .1 .7 ,  t h e  

a n a l y s i s  i s  more o p t i m i s t i c  i n  p r e d i c t i n g  power requirements than  a t  
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lower speeds a l though  the  measured t rend w i t h  l i f t  i s  fo l lowed 

c l o s e l y .  In t h i s  c a s e  t h e  a n a l y t i c a l  l i f t  l i m i t  matches t h e  t e s t  

d e f i n e d  l i f t  l i m i t  very wel l .  A s i m i l a r  conc lus ion  can be drawn 

f o r  225 knots  (11 = .61)  a s  p r e s e n t e d  i n  Figure 3.1.8. T h e  

a n a l y t i c a l  power r e q u i r e d  i s  o p t i m i s t i c  b u t  t h e  l i f t  l i m i t  p r e d i c t e d  

by t h e  a n a l y s i s  matches t h e  t e s t  l i m i t  w i t h i n  4%.  

The l i f t  l i m i t  a s  a f u n c t i o n  of advance r a t i o  f o r  b o t h  a n a l y s i s  and 

t e s t  i s  s h o w n  i n  F igu re  3.1.9.  T h e  a n a l y t i c a l  t r e n d  ve r sus  advance 

r a t i o  fo l lows  t h e  measured l i f t  l i m i t  below u = . 4  and above u = .5 .  

The t e s t  does show a s h a r p  d r o p  i n  l i f t  l i m i t  a t  p = .45  which i s  

n o t  r e f l e c t e d  i n  t he  a n a l y s i s .  There i s  a d e f i n l ’ t e  change i n  s l o p e  

a t  t h i s  p o i n t ,  however, a s  t h e  a n a l y t i c a l  l i n e  becomes a lmost  

h o r i z o n t a l .  Both t e s t  and a n a l y s i s ,  t h e r e f o r e ,  i n d i c a t e  a t r a n s i t i o n  

r eg ion  between 1.1 = . 4  and 1.1 = . 5 .  The gene ra l  conc lus ion  i s  t h a t  

C-60 can be used t o  p r e d i c t  t h e  r o t o r  l i f t  l i m i t  t r e n d  as  forward 

speed i s  i n c r e a s e d .  The e x p l a n a t i o n  f o r  t h e  t r a n s i t i o n  reg ion  around 

1.1 = .45 w i l l  be explored  f u r t h e r  i n  a l a t e r  s e c t i o n .  

The change i n  power r e q u i r e d  ( a s  d e f i n e d  by C p / o )  as  a f u n c t i o n  of 

p r o p u l s i v e  f o r c e  f o r  c o n s t a n t  l i f t  i s  s h o w n  i n  Figure 3.1.10 f o r  

advance r a t i o s  of 0.40 t o  0.61. The conc lus ion  can be drawn from 

t h e s e  f i g u r e s  t h a t  t h e  c o r r e l a t i o n  between a n a l y s i s  and t h e  t e s t  i s  

i n  gene ra l  n o t  a f u n c t i o n  o f  p r o p u l s i v e  f o r c e .  The c o r r e l a t i o n  

p r e s e n t e d  a t  x = .05 i s  e s s e n t i a l l y  unchanged a t  o t h e r  p r o p u l s i v e  

f o r c e  c o e f f i c i e n t s .  The excep t ion  i s  a t  p = . 45  where the  c o r r e l a t i o n  
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improves wi th  h ighe r  p r o p u l s i v e  f o r c e  c o e f f i c i e n t s .  

Before d i s c u s s i n g  t h e  f i n a l  performance c o r r e l a t i o n  e f f o r t ,  an 

a d d i t i o n a l  no te  about  t h e  C-60 A e r o e l a s t i c  R o t o r  Analys is  program 

i s  i n  o r d e r .  There a r e  s e v e r a l  trim o p t i o n s  a v a i l a b l e  i n  C-60 

f o r  a r t i c u l a t e d  r o t o r s ,  b u t  only two  a r e  of s i g n i f i c a n c e  here .  

One trim o p t i o n  f i n d s  t h e  s m a l l e s t  c o l l e c t i v e  which r e s u l t s  i n  t h e  

r e q u i r e d  t h r u s t  and then a d j u s t s  t h e  c y c l i c  p i t c h  t o  match t h e  

d e s i r e d  p r o p u l s i v e  f o r c e  a n d  s i d e  f o r c e .  The second o p t i o n  f i n d s  

t h e  c o l l e c t i v e  va lue  c l o s e s t  t o  t h e  i n p u t  c o l l e c t i v e  p i t c h  which 

ach ieves  t h e  r e q u i r e d  t h r u s t  wh i l e  matching t h e  i n p u t  va lues  of 

c y c l i c  p i t c h .  I n  t h e  l a t t e r  c a s e  t h e  p r o p u l s i v e  f o r c e  and s i d e  

f o r c e  which r e s u l t  a r e  p a r t  of t h e  r o t o r  r e sponse  a n d  cannot  be 

c o n t r o l l e d  d i r e c t l y .  

F o r  t h e  purposes  of t h i s  c o n t r a c t  i t  was dec ided  t h a t  t h e  most 

d i r e c t  approach was t o  match t h e  t h r u s t ,  p r o p u l s i v e  f o r c e  a n d  s i d e  

f o r c e  a n d  l e t  t h e  p r o g r a m  compute i t s  o w n  c y c l i c  t r i m  schedu le .  A t  

one i n t e r m e d i a t e  advance r a t i o  t h e  second trim opt ion,which matches 

t h e  c y c l i c  p i t c h  i n p u t  and f i n d s  t h e  c o l l e c t i v e  n e a r e s t  t h e  i n p u t  

va lue  which r e s u l t s  i n  t h e  d e s i r e d  t h r u s t , w i l l  be p re sen ted  here .  

S i n c e  t h e  1.1 = . 4 5  c o n d i t i o n  r e s u l t e d  i n  t h e  l a r g e s t  d i f f e r e n c e  

between a n a l y s i s  and t e s t ,  t h i s  advance r a t i o  was s e l e c t e d  for  t h i s  

s tudy .  The r e s u l t i n g  comparison o f  a n a l y t i c a l  and t e s t  performance 

d a t a  i s  shown i n  F igu re  3.1.11. The c o r r e l a t i o n  g i v e s  e x c e l l e n t  

agreement ,  b u t  t h e r e  i s  one problem. While t h e  power r e q u i r e d  and 
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c y c l i c  p i t c h  now match t h e  t e s t  r e s u l t s ,  t h e  p r o p u l s i v e  f o r c e  

which t h e  a n a l y s i s  p r e d i c t s  i s  f rom 70% t o  250% h i g h e r  than t h e  

nominal t e s t  p r o p u l s i v e  f o r c e .  A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  

p r o p u l s i v e  f o r c e  measured i n  t h e  t e s t  i s  low due t o  an e r r o r  i n  

t h e  h u b  t a r e s .  This  s i t u a t i o n ,  wh i l e  p o s s i b l e ,  i s  u n l i k e l y  due t o  

t h e  e x c e l l e n t  p r e d i c t i o n  of power r e q u i r e d  a s  a f u n c t i o n  of p r o -  

p u l s i v e  f o r c e  seen i n  F igure  3.1.10 a s  wel l  a s  t o  t h e  loads  

azimuthal  waveforms a s  w i l l  be seen a t  a l a t e r  t ime.  

The o v e r a l l  conc lus ion  i s  t h a t  t h e  a n a l y s i s  i s  e f f e c t i v e  i n  pre-  

d i c t i n g  t h e  r o t o r  l i f t  l i m i t s  a t  b o t h  low a n d  high speehs b u t  i s  

o p t i m i s t i c  i n  t h e  r o t o r  power p r e d i c t i o n  beyond an  advance r a t i o  

of 0 .40  f o r  v a r i a t i o n s  i n  b o t h  l i f t  a n d  p r o p u l s i v e  f o r c e .  A t  t h e  

i n t e r m e d i a t e  speed range (165 k n o t s )  t h e  r eg ion  of t h e  r o t o r  t h a t  

d e f i n e s  t h e  maximum l i f t  c h a r a c t e r i s t i c s  appears  t o  be changing and 

t h e  a n a l y s i s  shows t h e  g r e a t e s t  v a r i a t i o n  from t e s t  d a t a  a t  t h i s  

p o i n t .  

These r e s u l t s  i n d i c a t e  t h a t  t h e  s e c t i o n  drag c h a r a c t e r i s t i c s  a r e  

p o s s i b l y  t o o  low a t  low and high Mach numbers f o r  small  a n g l e s  of 

a t t a c k ,  b u t  a r e  t o o  high i n  the  r e v e r s e  f low reg ion  where Mach 

numbers a r e  low b u t  a n g l e s  of a t t a c k  a r e  much h ighe r .  This  would 

account  f o r  t h e  o p t i m i s t i c  p r e d i c t i o n  of power r e q u i r e d  a t  advance 

r a t i o s  beyond 0.40 o r  t h e  o v e r p r e d i c t i o n  of t h e  r o t o r  p r o p u l s i v e  

f o r c e .  Between t h e  advance r a t i o s  of 0 .40 a n d  0 .53 t h e r e  i s  e i t h e r  

an  i nadequa te  d e f i n i t i o n  o f  t h e  l o c a l  flow environment  on t h e  r o t o r  

o r  an o p t i m i s t i c  maximum s e c t i o n  l i f t  c h a r a c t e r i s t i c  i n  t h e  middle  
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range  of Mach numbers o r  i n  the  r e v e r s e  f low r e g i o n .  

3.2 Rotor C o n t r o l  P o s i t i o n  Parameters  

Three b a s i c  r o t o r  c o n t r o l  p o s i t i o n  parameters  were i n v e s t i g a t e d  a s  

p a r t  of t h e  c o r r e l a t i o n  of t h e  C-60 a n a l y s i s  w i t h  t e s t  v a l u e s .  These 

parameters  a r e :  t he  b l ade  c o l l e c t i v e  p i t c h  a n g l e ,  t h e  r o t o r  d i s c  

t i p  path p l ane  a n g l e  r e s u l t i n g  from f l a p p i n g ,  and t h e  c o n t r o l  a x i s  ang le .  

The c o r r e l a t i o n  was performed f o r  i n c r e a s i n g  th rus t  a t  c o n s t a n t  

advance r a t i o  and p r o p u l s i v e  f o r c e ,  and f o r  i n c r e a s i n g  p r o p u l s i v e  

f o r c e  a t  c o n s t a n t  t h r u s t  and advance r a t i o .  

The c o r r e l a t i o n  of t e s t  and a n a l y s i s  f o r  l i f t  c o e f f i c i e n t  v e r s u s  

c o l l e c t i v e  a n g l e  a t  a c o n s t a n t  7 = - 0 5  i s  shown  i n  F igu res  3 .2 .1  

a n d  3 .2 .2  f o r  f i v e  advance r a t i o s .  The c o l l e c t i v e  a n g l e  i s  d e f i n e d  

a s  t h e  c o l l e c t i v e  p i t c h  a t  t h e  b lade  r o o t  p r o j e c t e d  t o  t h e  75% r a d i a l  

l o c a t i o n  by t h e  b u i l t - i n  geomet r i c  tw i s t .  T h e  p r e d i c t e d  c o l l e c t i v e s  

a t  p = . 3  and F! = . 4  appea r  t o  be h ighe r  than  the  t e s t  va lues  by about  

2 t o  3 deg rees .  However, s e v e r a l  of t h e  t e s t  p o i n t s  a t  F! = . 4  were 

r e p e a t e d  i n  t h e  second h a l f  o f  t h e  w i n d  t unne l  t e s t ,  and t h e s e  p o i n t s  

a r e  i n d i c a t e d  by s q u a r e s  i n  F igu re  3.2.1.  The s h i f t  i n  c o l l e c t i v e  

p i t c h  a t  a g iven  t h r u s t  i n d i c a t e s  t h e  z e r o  c o l l e c t i v e  ang le  was 

r e p o s i t i o n e d  a f t e r  t h e  o r i g i n a l  p = . 4  r u n .  T h i s  appea r s  t o  be 

confirmed by t h e  e x c e l l e n t  c o r r e l a t i o n  of t h e o r y  w i t h  t e s t  a t  p = . 4 5  

and F! = . 53 ,  a s  shown i n  Figure 3.2.2.  

A t  1-1 = .61 ( F i g u r e  3.2.2)  the a n a l y s i s  shows a h i g h l y  unusual t r e n d  

of l i f t  v e r s u s  c o l l e c t i v e .  The t e s t  d a t a  shows  a s i m i l a r ,  b u t  l e s s  
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s e v e r e ,  t r end  of d e c r e a s i n g  c o l l e c t i v e  a t  h ighe r  l i f t  u p  t o  a l i f t  

c o e f f i c i e n t  o f  CT' /a  = .06. 

r e v e r s e s  i t s  t r e n d  while  t h e  a n a l y s i s  c o n t i n u e s  t h i s  t r e n d  u p  t o  a 

l i f t  c o e f f i c i e n t  o f  CT ' /o  = .07. 

Beyond t h i s  p o i n t  t he  t e s t  d a t a  

Reca l l  t h a t  t h e  o p t i o n  used f o r  t h e  a n a l y s i s  s e a r c h e s  f o r  t he  

s m a l l e s t  c o l l e c t i v e  which produces t h e  r e q u i r e d  th rus t  and p r o -  

p u l s i v e  f o r c e .  Two p o i n t s  a t  v = .61 were recomputed matching 

c y c l i c  and t h e  i n p u t  c o l l e c t i v e  p i t c h  b u t  n e g l e c t i n g  t h e  s i d e  f o r c e  

and p r o p u l s i v e  f o r c e  trim. These p o i n t s  a r e  shown a s  s q u a r e s  i n  

F igure  3 . 2 . 2  and once aga in  t h e  a n a l y s i s  o v e r - p r e d i c t s  tp ropuls ive  

f o r c e .  

T h e  v a r i a e i o n  of c o l l e c t i v e  a n g l e  w i t h  p r o p u l s i v e  f o r c e  f o r  a 

s p e c i f i e d  th rus t  i s  shown f o r  f o u r  advance r a t i o s  i n  Figure 3 . 2 . 3 .  

The c o r r e l a t i o n  of t e s t  and a n a l y s i s  f o r  t h e  c o l l e c t i v e  a n g l e  

v a r i a t i o n  w i t h  p r o p u l s i v e  f o r c e  i s  g o o d .  

A l so  cons ide red  was t h e  t i p  pa th  p l a n e  a n g l e  r e s u l t i n g  from c y c l i c  

f l a p p i n g .  A s chemat i c  of t he  r e l a t i o n s h i p  between f r e e  s t ream 

v e l o c i t y ,  s h a f t  t i l t  and c y c l i c  f l a p p i n g  i s  s h o w n  i n  F igu re  3 . 2 . 4 .  

F o r  p o s i t i v e  s h a f t  t i l t  a f t  and p o s i t i v e  cos ine  f l a p p i n g  d e f i n e d  

as  f l a p  u p  a t  an azimuth of 0' ( b l a d e  d i r e c t l y  a f t ) ,  t h e  p o s i t i v e  

t i p  pa th  p l a n e  a n g l e  i s  d e f i n e d  by t h e  s h a f t  t i l t ,  i s ,  m i n u s  t h e  

c o s i n e  c y c l i c  f l a p p i n g ,  B ~ ~ .  

f o r  l i f t  c o e f f i c i e n t  versus t i p  pa th  p l a n e  a n g l e  a t  a c o n s t a n t  

x = . 0 5  a r e  given i n  F igu re  3 . 2 . 5  f o r  advance r a t i o s  from 1-1 = . 3  t o  

The comparisons o f  t e s t  and a n a l y s i s  
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1.1 = .61.  A t  eve ry  advance r a t i o  t h e  a n a l y s i s  i s  seen  t o  f o l l o w  t h e  

t r e n d  e s t a b l i s h e d  d u r i n g  t h e  t e s t  a n d  t h e  magnitude o f  t h e  t i p  pa th  

p l ane  p r e d i c t e d  by C-60 i s  more p o s i t i v e  than  the  v a l u e  e s t a b l i s h e d  

i n  t e s t .  I t  can be concluded t h a t  t h e  a n a l y s i s  g e n e r a t e s  a s m a l l e r  

va lue  o f  drag  i n  t h e  d i s c  p l a n e  ( H - f o r c e )  than  t h e  t e s t  would 

i n d i c a t e .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  performance c o r r e l a t i o n  r e s u l t s  

e s t a b l i s h e d  e a r l i e r ,  t h a t  t h e  a n a l y s i s  shows lower power r equ i r emen t s  

t han  t h e  t e s t  d a t a .  

A t  1.1 = . 4 5  t h e  a n a l y t i c a l  p o i n t s  g e n e r a t e d  by matching the  c y c l i c  

and c o l l e c t i v e  p i t c h  angJes  a r e  shown wi th  t h e  s q u a r e  symbols 

a long  w i t h  t h e  t e s t  d a t a .  Again t h e  a n a l y t i c a l  t r i m  s e t t i n g  a g r e e s  

w i t h  t h e  t e s t  v a l u e s  b u t  t h e  p r o p u l s i v e  f o r c e  i s  h i g h e r .  This  i s  

c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n  t h a t  f o r  a g iven  t i p  pa th  p l ane  

a n g l e  t h e  a n a l y s i s  g e n e r a t e s  a s m a l l e r  v a l u e  o f  i n - p l a n e  f o r c e .  

The t r e n d  o f  t i p  pa th  p l ane  a n g l e  wi th  i n c r e a s i n g  p r o p u l s i v e  f o r c e  

a t  a s p e c i f i e d  thrust  l e v e l  i s  p r e s e n t e d  i n  F igu re  3 .2 .6  f o r  advance 

r a t i o s  from 1.1 = .4  t o  1.1 = .61.  T h e  b a s i c  c o n c l u s i o n  i s  t h a t  t h e  

c o r r e l a t i o n  does n o t  change w i t h  p r o p u l s i v e  f o r c e .  

T h e  c o n t r o l  a x i s  a n g l e  of  a t t a c k  i s  d e f i n e d  by t h e  s i n e  v a l u e  o f  t he  

t o t a l  b l a d e  p i t c h  a n g l e .  In t h i s  c a s e  p o s i t i v e  c y c l i c  p i t c h  i n p u t  

( e l s )  a t  an azimuth o f  90' produces f l a p  u p  a t  1800 az imuth .  

c o n t r o l  a x i s  a n g l e  i s  d e f i n e d  by O l S  + i s .  

measured v a r i a t i o n  of  c o n t r o l  a x i s  a n g l e  w i t h  i n c r e a s i n g  l i f t  i s  

p l o t t e d  i n  F igu re  3 .2 .7  f o r  x = .05  and advance r a t i o s  of  1.1 = . 3  

T h e  

The a n a l y t i c a l  and 
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th rough 1.1 = 61. I t  can be seen  t h a t  t h e  a n a l y s i s  does p r e d i c t  

t h e  gene ra l  t r e n d  o f  c o n t r o l  a x i s  a n g l e  d u e  t o  c y c l i c  p i t c h  v e r s u s  

l i f t  c o e f f i c i e n t  a s  measured i n  t h e  w i n d  t unne l  f o r  a l l  v a l u e s  o f  

advance r a t i o  i n v e s t i g a t e d .  

T h e  a n a l y s i s  s t a r t s  o u t  a t  low speed t o  r e q u i r e  s l i g h t l y  h i g h e r  

n e g a t i v e  v a l u e s  of c o n t r o l  a x i s  a n g l e  of a t t a c k  b u t  a s  t h e  forward 

speed i s  i n c r e a s e d  t h e  a n a l y s i s  r a p i d l y  shows a r equ i r emen t  f o r  l e s s  

forward t i l t  o f  t h e  d i s c  p l ane  than  r e q u i r e d  by t h e  t e s t  d a t a .  T h i s  

i s  c o n s i s t e n t  with t h e  c o n c l u s i o n  j u s t  e s t a b l i s h e d  t h a t  f o r  a g i v e n  

p r o p u l s i v e  f o r c e  t h e  a n a l y s i s  r e q u i r e s  l e s s  forward t i l t  of  t h e  d i s c  

p l a n e ,  wh i l e  s t i l l  showing t h e  p rope r  t r e n d s  w i t h  i n c r e a s i n g  l i f t  

c o e f f i c i e n t .  

. -  

Figure3.2.8 shows t h e  r e l a t i o n s h i p  between c o n t r o l  a x i s  a n g l e  d u e  t o  

c y c l i c  p i t c h  and t h e  p r o p u l s i v e  f o r c e  f o r  a s p e c i f i e d  v a l u e  o f  thrust  

and advance r a t i o .  From 1-1 = . 4  t o  1.1 = . 5 3  t h e  degree  of c o r r e l a t i o n  

does n o t  change w i t h  p r o p u l s i v e  f o r c e .  A t  1-1 = .61 the  t e s t  d a t a  and 

a n a l y t i c a l  l i n e s  a r e  no l o n g e r  p a r a l l e l .  

3 . 3  - Loads C o r r e l a t i o n  

The b l ade  l o a d s  c o r r e l a t i o n  between the  C-60 a n a l y s i s  and the  t e s t  

d a t a  was performed f o r  t h e  m i d s p a n  f l a p  b e n d i n g  moment and f o r  both 

the  inboard  and midspan t o r s i o n  l o a d s .  The inboa rd  f l a p  moments were 

no t  used f o r  c o r r e l a t i o n  due t o  t h e  f a c t  t h a t  f o r  an a r t i c u l a t e d  r o t o r  

t h e  r o o t  l o a d s  a r e  s o  low t h a t  no meaningful  waveform a n a l y s i s  would 

be p o s s i b l e .  
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The comparisons of  t h e  measured and a n a l y t i c a l  f l a p  b e n d i n g  

moments versus azimuth p o s i t i o n  f o r  advance r a t i o s  from 0.30 t o  

0 .53 a r e  given i n  F igu res  3.3.1 and 3.3.2. F o r  each advance r a t i o  

t he  midspan f l a p  b e n d i n g  waveform i s  shown a t  a low th rus t  l e v e l  

and a t  t h e  l i f t  l i m i t  f o r  t h a t  p a r t i c u l a r  advance r a t i o  a t  a 

p r o p u l s i v e  f o r c e  c o e f f i c i e n t  of .05.  The a n a l y s i s  p r e d i c t s  t h e  

phase and magnitude of t he  midspan f l a p  bending moment w i t h  

r e a s o n a b l e  accuracy  f o r  a l l  t h rus t  l e v e l s  and advance r a t i o s  

cons ide red .  S i m i l a r  r e s u l t s  a r e  s h o w n  i n  F i g u r e  3 .3 .3  f o r  1.1 = .53  

f o r  t w o  o t h e r  p r o p u l s i v e  f o r c e  c o e f f i c i e n t s ,  i n d i c a t i n g  t h e  same 

degree  o f  c o r r e l a t i o n  of t h e o r y  and t e s t  a s  a t  t h e  o t h q r  p r o p u l s i v e  

f o r c e  c o e f f i c i e n t s .  

The t o r s i o n  loads  c o r r e l a t i o n  was performed u s i n g  b o t h  t h e  inboard  

and midspan b l ade  t o r s i o n  loads  waveforms. F igu res  3 .3 .4  t h r o u g h  

3 .3 .8  p r e s e n t  t h e  comparison o f  inboard  t o r s i o n  waveforms f o r  b o t h  

t e s t  and a n a l y s i s  a t  f i v e  d i f f e r e n t  advance r a t i o s .  Each f i g u r e  

c o n t a i n s  t he  c o r r e l a t i o n  of  t e s t  and a n a l y s i s  f o r  a p a r t i c u l a r  

advance r a t i o  a t  x = .05 a s  thrust  i s  i n c r e a s e d  u p  t o  t h e  l i f t  l imi t .  

Figures 3.3.9 t h r o u g h  3.3.12 d i s p l a y  t h e  same d a t a  f o r  the midspan 

t o r s i o n  waveforms. No d a t a  was a v a i l a b l e  f o r  t h e  midspan t o r s i o n  

waveforms a t  1-1 = .61 s i n c e  t h a t  gauge h a d  f a i l e d  p r i o r  t o  t h a t  h i g h  

speed r u n .  B r i e f l y ,  the  c o r r e l a t i o n  i s  good a t  l o w  t h rus t  l e v e l s ,  

p a r t i c u l a r l y  on t h e  advancing s i d e  o f  t he  d i s c ,  and the  c o r r e l a t i o n  

degrades  t o  some e x t e n t  a s  t h e  th rus t  i s  i n c r e a s e d .  The l a r g e s t  

d i f f e r e n c e  between t h e o r y  and t e s t  i s  t h e  f a i l u r e  o f  t h e  t h e o r y  

t o  p r e d i c t  t h e  nose down s t a l l  a t  225O a z i m u t h  a t  h i g h  th rus t s .  In 

gene ra l  t h e r e  i s  a phase s h i f t  o f  app rox ima te ly  30 degrees  between 
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t h e o r y  and t e s t .  

T h e  r e s u l t s  of  t h e  c o r r e l a t i o n  e f f o r t  a r e  e s s e n t i a l l y  t he  same 
f o r  both inboa rd  and midspan t o r s i o n  l o a d s  a t  each advance r a t i o .  

A t y p i c a l  example i s  a t  1-1 = . 4  f o r  t h e  inboa rd  t o r s i o n  load  ( F i g u r e  

3 .3 .5 ) .  A t  t h e  lowes t  thrust  l e v e l  t h e  t e s t  and a n a l y t i c a l  waveform 

a r e  n e a r l y  i d e n t i c a l .  As t h e  t h r u s t  i s  i n c r e a s e d  the  a n a l y s i s  shows 

an e a r l i e r  tendency  t o  s t a l l .  

C T I / o  = .0896 ove r  t h e  r e t r e a t i n g  b l a d e  r e g i o n  of  t h e  r o t o r  d i s c  

t h e  a n a l y s i s  i s  responding  a t  approx ima te ly  s i x  per r e v ,  w h i c h  i s  

c l o s e  t o  t h e  f i r s t  t o r s i o n a l  n a t u r a l  f requency .  T h i s  i s  an i n d i c a t i o n  

of s t a l l .  A t  CT ' /a  = . l o 4  t h e  t e s t  d a t a  now shows the  same 

c h a r a c t e r i s t i c s ,  and t h e  a n a l y s i s  and t e s t  a r e  a g a i n  i n  good agreement .  

F i n a l l y ,  a s  t h e  l i f t  l i m i t  i s  approached (C,'/O = .1075)  t h e  t e s t  

waveform now shows more pronounced peaks w h i c h  i s  a good i n d i c a t i o n  

t h a t  t h e  t e s t  i s  now e x p e r i e n c i n g  a g r e a t e r  amount of s t a l l .  To 

Note t h a t  a t  CTl/a  = .0638 and 

summarize, t he  a n a l y s i s  shows a tendency  t o  s t a l l  a t  lower  l i f t  

c o e f f i c i e n t s ,  b u t  t h e  s l o p e  o f  t h e  s t a l l  cu rve  i s  more gradual  than  

t h e  t e s t  d a t a  s o  t h a t  a t  h i g h e r  th rus t s  t h e  t e s t  b l ade  i s  f u r t h e r  i n t o  

t he  s t a l l .  

I n  gene ra l  t h e  t o r s i o n  l o a d s  c o r r e l a t i o n  i s  f a i r .  T h e  peak-to-  

peak ampl i tudes  a g r e e  and i n  most i n s t a n c e s  t h e  phases  do n o t  va ry  

more than  30°. The major  d i f f e r e n c e  i s  a t  t h e  l i f t  l i m i t  where t h e  

a n a l y t i c a l  waveform does n o t  show the  conven t iona l  s t a l l  a t  an 

azimuth of 225' t h a t  i s  shown i n  t h e  t e s t  waveform. 

forward speeds  (11 = .53  and 1.1 = . 61 )  t h e  t e s t  does i n d i c a t e  some 

A t  t h e  h ighes t  
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n e g a t i v e  s t a l l  (which i s  o c c u r r i n g  i n  t h e  r e v e r s e  f low r e g i o n )  

r e p r e s e n t e d  by the  l a r g e  p o s i t i v e  (nose -up)  moment a t  a r o t o r  

azimuth o f  270'. T h i s  a p p e a r s  i n  t h e  a n a l y t i c a l  waveform a t  approx-  

i m a t e l y  225O and t o  a l e s s e r  e x t e n t  a t  315O azimuth.  

The c o r r e l a t i o n  of  t h e o r y  w i t h  t e s t  d a t a  i s  o f  s u f f i c i e n t  accu racy  

f o r  t h e  purposes  of  t h i s  c o n t r a c t ,  e s p e c i a l l y  a t  t h e  h i g h e r  s p e e d s ,  

which makes i t  a u s e f u l  t o o l  i n  de t e rmin ing  t h e  r a t i o n a l e  f o r  t h e  

r o t o r  l i f t  l i m i t s .  

Some t y p i c a l  r e s u l t s  f o r  t w o  d i f f e r e n t  p r o p u l s i v e  f o r c e  c o e f f i c i e n t s  

a r e  s h o w n  i n  F i g u r e  3 .3 .13  a t  an advance r a t i o  of  1.1 = .45 .  The 

l i f t  c o e f f i c i e n t  i s  e s s e n t i a l l y  t h e  same f o r  both g raphs .  In each 

c a s e  t h e  a n a l y s i s  i s  p r e d i c t i n g  s t a l l  wh i l e  t h e  t e s t  shows  no i n d i c a -  

t i o n  of  s t a l l .  T h i s  shows t h a t  f o r  both p r o p u l s i v e  f o r c e  l e v e l s  t h e  

a n a l y s i s  p r e d i c t s  s t a l l  i n c e p t i o n  a t  a lower l i f t  c o e f f i c i e n t  t han  

occur s  i n  t e s t .  

I t  was mentioned i n  S e c t i o n  3.1 t h a t  t h e  i n v e s t i g a t i o n  of  performance 

c o r r e l a t i o n  u s i n g  t he  a n a l y t i c a l  trim procedure  of  matching th rus t  

and c y c l i c  p i t c h  appeared  t o  c o r r e l a t e  b e t t e r  on power r e q u i r e d  

b u t  was h i g h  on p r o p u l s i v e  f o r c e .  A p o s s i b l e  r eason  f o r  t h a t  

d i f f e r e n c e  could  be d u e  t o  an e r r o r  i n  t he  c a l i b r a t i o n  of  h u b  d rag  

d u r i n g  t h e  t e s t .  However, a look a t  t h e  r e s u l t i n g  t o r s i o n  waveforms 

seems t o  d i s c o u n t  t h i s  p o s s i b i l i t y .  F i g u r e  3 .3 .14  shows the  c o r r e l a t i o n  

a t  1.1 = . 4 5  f o r  two t h r u s t  l e v e l s  f o r  x = . 0 5  u s i n g  t h e  trim o p t i o n  

t o  match c y c l i c  p i t c h .  Reca l l  t h a t  t h e  a n a l y t i c a l  p r o p u l s i v e  f o r c e  

c o e f f i c i e n t  was c l o s e  t o  x = . 1  a s  a consequence of  t h e  r e s u l t a n t  

f l a p p i n g  motion. The a n a l y t i c a l  waveforms now show a much g r e a t e r  

r e sponse  than  t h e  t e s t  a s  opposed t o  t h e  p r e v i o u s l y  good c o r r e l a t i o n  
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seen  i n  F igu re  3.3.11. T h e  c o n c l u s i o n  i s  t h a t  t h e  d i f f e r e n c e  

between t e s t  and a n a l y s i s  i s  n o t  due t o  a h u b  t a r e  c a l i b r a t i o n  

e r r o r  i n  t h e  w i n d  t unne l  t e s t .  The d i f f e r e n c e  i s  d u e  t o  a 

d i f f e r e n c e  i n  t h e  a n a l y t i c a l  d rag  c h a r a c t e r i s t i c s  of  t h e  r o t o r  

b l a d e  which q u i t e  p o s s i b l y  i s  i n  t h e  a i r f o i l  dynamic d rag  

r e p r e s e n t a t i o n  and /o r  i n  t he  uns teady  f low a n a l y s i s .  
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4.0 RATIONALE F O R  R O T O R  LIMITS 

Having e s t a b l i s h e d  a r e a s o n a b l e  c o r r e l a t i o n  o f  t h e  C-60 Aero- 

e l a s t i c  Rotor Ana lys i s  Program w i t h  l oads  and performance d a t a ,  

t he  next  t a s k  i s  t o  use the  a n a l y s i s  t o  a i d  i n  t h e  unde r s t and ing  

of t h e  l i m i t s  of t h e  conven t iona l  r o t o r  by l o o k i n g  a t  the  rotor  

behavior  as  t h e  l i f t  l i m i t  i s  approached.  To a i d  i n  t h e  i n v e s t i -  

g a t i o n  o f  t h e  r o t o r  l i m i t s ,  both t h e  e l a s t i c  p r o p e r t i e s  of t h e  

r o t o r  and the  aerodynamic c h a r a c t e r i s t i c s  o f  t h e  f l o w  environment  

were v a r i e d  i n  t h e  a n a l y s i s  i n  o r d e r  t o  de t e rmine  t h e i r  i n f l u e n c e  

on t h e  r o t o r  l i f t  c h a r a c t e r t i s t i c s .  The az imutha l  and r a d i a l  

d i s t r i b u t i o n s  of  l i f t  and a n g l e  of a t t a c k  a s  well a s  t h e  v a r i a t i o n  

o f  b lade  f l a p  d e f l e c t i o n  w i t h  azimuth were examined i n  t h i s  

i n v e s t i g a t i o n .  

In order  t o  i s o l a t e  t h e  f a c t o r s  which p r o v i d e  t h e  major c o n t r i b u t i o n  

i n  e s t a b l i s h i n g  a l i f t  l i m i t ,  one t y p i c a l  f l i g h t  c o n d i t i o n  nea r  t h e  

l i f t  l i m i t  was chosen f o r  t h e  p a r a m e t r i c  v a r i a t i o n .  T h e  trim 

c o n d i t i o n  s e l e c t e d  was: 

p = . 5 3  

- . 0 5  x - -  

C T ' / O  = -114  

T h e  az imutha l  d i s t r i b u t i o n  of  t h r u s t  per b l a d e  de te rmined  a n a l y t -  

i c a l l y  i s  p r e s e n t e d  i n  F igu re  4 . 1 .  Note t h a t  t h e  t h r u s t  i s  

gene ra t ed  i n  t h e  f o r e  and and a f t  reg ions  of t h e  r o t o r  d i s c .  T h e  

regions of t he  r o t o r  d i s c  around t h e  advancing and r e t r e a t i n g  b l ade  
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have been shaded i n  t h e  f i g u r e  f o r  convenience.  On t h e  advancing 

s i d e ,  t h e r e  a r e  a r e a s  o f  l a r g e  p o s i t i v e  and n e g a t i v e  l e v e l s  of 

t h rus t ,  b u t  t h e  i n t e g r a t e d  thrust  does s u m  t o  a small  p o s i t i v e  

va lue .  This  i s  e s s e n t i a l  t o  main ta in  r o l l  e q u i l i b r i u m  of t h e  

r o t o r  system. 

There a r e  two r eg ions  of s i g n i f i c a n c e  which should  be noted in  

t h e  f i g u r e .  A t  J, = 30°, t h e r e  i s  a r a p i d  d r o p  i n  th rus t  t h a t  

could be s t a l l  r e l a t e d .  The b lade  does r ecove r  a t  J, = 60°, where 

t h e  t h rus t  i s  a maximum. There i s  a second reg ion  of h i g h  t h r u s t  

between 120' a n d  210' r o t o r  azimuth which i s  c o n s i d e r a b l y  l a r g e r .  

This  t ime t h e  thrust  c o n t i n u e s  t o  r i s e  u n t i l  i t  becomes a m a x i m u m  

a t  9 = 180°, b u t  t h e r e  i s  a s l i g h t  d i s c o n t i n u i t y  i n  t h e  l i f t  t r e n d  

a t  J, = 135O. I t  appears  t h a t  t h e s e  two r e g i o n s  may be t h e  key t o  

t h e  unde r s t and ing  of t h e  r o t o r  l i f t  l i m i t s ,  a n d  they  were t h e  

s u b j e c t  of e x t e n s i v e  i n v e s t i g a t i o n .  

F i g u r e . 4 . 2  i s  a p l o t  of t h e  spanwise d i s t r i b u t i o n  o 

where t h e r e  i s  a r a p i d  loss  of  t h r u s t ,  betwee 

Note t h a t  t h e  l i f t ,  b o t h  p o s i t i  
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As mentioned e a r l i e r ,  a p a r a m e t r i c  s t u d y  was performed t o  de t e rmine  

which f a c t o r  c o n t r i b u t e d  t h e  most i n  d e f i n i n g  t h e  l i f t  l i m i t .  The 

f i r s t  parameter  s t u d i e d  was t h e  e l a s t i c  e f f e c t s  of b l ade  motion.  

The b lade  was made r i g i d  in  t h e  a n a l y s i s  b o t h  f l a p w i s e  a n d  

t o r s i o n a l l y ,  i . e .  GJ = EIB = w .  

a s  a r i g i d  body i n  t h i s  c a s e ,  s o  t h e  i n f l u e n c e  of any e l a s t i c  

phenomena a r e  e l i m i n a t e d .  A comparison of t h e  azimuthal  v a r i a t i o n  

of t h r u s t  f o r  t h e  r i g i d  and e l a s t i c  b l ade  c a s e s  i s  shown i n  

F igure  4 . 3  a t  t h e  same c o n d i t i o n ,  1.1 = .53 a n d  C T ' / o  = .114. The 

m a j o r  d i f f e r e n c e  between t h e  t w o  c a s e s  i s  t h a t  t h e  r i g i d  b l ade  no  

l o n g e r  e x p e r i e n c e s  a l o s s  of l i f t  a t  $ = 30' or $ = 135O. 

F igure  4 . 4  p r e s e n t s  t h e  r a d i a l  l i f t  d i s t r i b u t i o n  a t  $ = 30' a n d  

i n d i c a t e s  t h a t  t h e  t h r u s t  i s  now a b l e  t o  deve lop  on t h e  o u t b o a r d  

p o r t i o n  of t h e  b l a d e .  The d r o p  i n  t o t a l  t h r u s t  a t  t h i s  azimuth 

appea r s  t o  be a r e s u l t  of t h e  e l a s t i c  b l ade  r e sponse .  To f u r t h e r  

unders tand  t h i s  p o i n t ,  t h e  azimuthal  v a r i a t i o n  of p i t c h  a n d  f l a p  

motion was i n v e s t i g a t e d .  

The b lade  can only f l a p  o r  t w i s t  

I n  o r d e r  t o  match b o t h  t h e  t h r u s t  a n d  p r o p u l s i v e  f o r c e  r e q u i r e m e n t s ,  

t h e  r o t o r  t i p  p a t h  p l ane  m u s t  assume a s p e c i f i c  a n g l e  of a t t a c k  

wi th  r e s p e c t  t o  t h e  f r e e  s t r eam v e l o c i t y .  The r o t o r  with r i g i d  

b l ades  r e q u i r e s  more c y c l i c  p i t c h  f o r  a given s h a f t  ang le  of a t t a c k  

t o  b r ing  t h e  d i s c  p l ane  over  f a r  enough t o  produce t h e  p r o p u l s i v e  

f o r c e  equal  t o  t h a t  of t h e  e l a s t i c  b l ade .  This  i s  because t h e r e  i s  

no e l a s t i c  t o r s i o n a l  w i n d - u p  o f  t h e  b l a d e  inducing  an e f f e c t i v e  

c y c l i c  p i t c h  in  t h e  r i g i d  b l ade .  The g r e a t e r  nose down c y c l i c  p i t c h  

r equ i r emen t s  reduce  t h e  l i f t  a long  t h e  advancing b l ade  a n d  
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ang le  of a t t a c k  on t h e  f o r e  a n d  a f t  p o r t i o n  of t h e  r o t o r  d i s c  t o  

ma in ta in  t h e  same t h r u s t  a s  f o r  t h e  e l a s t i c  b l ade .  The n e g a t i v  

(nosedown) b l ade  p i t c h  r a t e  r e su l t s ,  a t  a l l  azimuths 

i s  p i t c h i n g  d o w n ,  i n  a n  i n e r t i a l l y  induced d e c r e a s e  i 

f o r  t h e  e l a s t i c  b lade  w h i c h  o f f s e t s  t h e  i n c r e a s e d  co 

r i g i d  b lade .  S ince  b l ades  a r e  normally b u i l t  wi th  t 

t h e  p i t c h  a x i s ,  b l ade  p i t c h i n g  down tends  t o  u n t w i s t  t h e  b l ade .  

Negat ive p i t c h  r a t e  a l s o  reduces  t h e  maximum s e c t i o n  l i f t  coe 

c i e n t  or ang le  of a t t a c k  a t  which s t a l l  occu r s .  B o t h  o f  t h e s e  

i tems  i n c r e a s e  t h e  p o t e n t i a l  f o r  s t a l l  t o  occur  on t h e  a f t  s i d e  

t h e  r o t o r  d i s c .  
- ..u. 

The b a s i c  d i f f e r e n c e  between t h e  e l a s t i c  b l ade  a n d  t h e  r i g i d  b l ade  

i s  downward  bending of t h e  o u t b o a r d  p o r t i o n  of t h e  e l a s t i c  b l ade  

due t o  t h e  high l i f t  caus ing  coning a n d  t h e  downward bending due t o  

c e n t r i f u g a l  f o r c e .  As t h e  l i f t  approaches t h e  s t a l l  l i m i t  t h e  

high d r a g  a c t s  on t h e  d o w n w a r d  d e f l e c t e d  e l a s t i c  b lade  t o  

produce a nosedown t w i s t ,  which reduces  t h e  l i ' f t .  S ince  t h e  b l ade  

then  becomes u n s t a l l e d  t h e  d r a g  reduces  a n d  t h e  b l ade  t w i s t s  b a c k  

t o  i t s  normal p o s i t i o n .  The l i f t  then  can r e t u r n  t o  i t s  former  

l e v e l .  As t h e  b lade  moves a r o u n d  t h e  azimuth t o w a r d s  $ = 90°, t h e  

l o n g i t u d i n a l  c y c l i c  i s  r a p i d l y  r educ ing  b l ade  p i t c h  a n d  t h e  i n p l a n e  

v e l o c i t y  a c t i n g  on  t h e  b l ade  i s  r a p i d l y  i n c r e a s i n g  f u r t h e r  reducing  

t h e  s e c t i o n  ang le  of a t t a c k  of t h e  b lade .  The n e t  r e s u l t  i s  a sub-  

s t a n t i a l  n e g a t i v e  ang le  o f  a t t a c k  on t h e  o u t b o a r d  p o r t i o n  of t h e  

b lade  producing t h e  n e g a t i v e  l i f t  shown i n  F igu re  4 . 2 .  
i 

A s  t h e  b l ade  r o t a t e s  p a s t  9 = 120°  towards 150' t h e  b l ade  p i t c h  i s  

i n c r e a s i n g  because of t h e  c y c l i c  p i t c h .  This  produces a p o s i t i v e  
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p i t c h  r a t e  which r e s u l t s  i n  a s t a l l  d e l a y .  As t h e  p i t c h  i s  

i n c r e a s e d  s o  i s  t h e  l i f t  a s  i t  approaches  a maximum. T h e  c e n t r i f -  

fuga1 f o r c e  p l u s  b l a d e  coning aga in  produces a downward d e f l e c t i o n  

o f  t h e  b l a d e ,  and t h e  h i g h  d rag  tw i s t s  t h e  b l ade  down d e c r e a s i n g  

t h e  l i f t .  W i t h  t h e  s t a l l  d e l a y  t h e  r e d u c t i o n  i n  l i f t  between 

$J = 120' and 150' i s  n o t  a s  l a r g e  a s  between $ = 15' and 60'. 

The v a r i a t i o n  o f  t h e  i n p u t  b l ade  p i t c h  around the  azimuth i s  

p re sen ted  i n  F i g u r e  4.5.  The mean v a l u e  i s  t he  c o l l e c t i v e  and t h e  

v a r i a t i o n  above and below i s  t h e  c y c l i c  p i t c h .  S i n c e  t h e  m i n i m u m  

p i t c h  occur s  a t  + = 90° and t h e  maximum i s  a t  $ = 270° t h e  f i g u r e  

i n d i c a t e s  only  l o n g i t u d i n a l  c y c l i c  i s  r e q u i r e d .  The f l a p w i s e  

d e f l e c t i o n  of t h e  t i p  of t h e  e l a s t i c  b l ade  r e l a t i v e  t o  t h e  i n f i n i t e l y  

r i g i d  b l ade  d e f l e c t e d  shape i s  s h o w n  i n  F igure  4 . 6 .  A r o u n d  an azimuth 

l o c a t i o n  from = 30° t o  I/I = 600 t h e  d e f l e c t i o n  i s  d o w n ,  and a s  observed 

i n  F igure  4.5 t h e  b lade  r o o t  p i t c h  i s  g r e a t e r  f o r  t h e  e l a s t i e  b l ade .  

These two f a c t s  s u p p o r t  t h e  above r a t i o n a l e  f o r  t h e  az imutha l  

v a r i a t i o n  of l i f t  p r e s e n t e d  i n  Figures 4 + 1  a n d ' 4 . 2 .  

i t  s h o u l d  be emphasized t h a t  i n  making t h e  b l ade  r i g i d  i n  t h e  

a n a l y s i s ,  t he  same h i g h  l i f t  and h i g h  d r a g  was encountered  a s  w i t h  

t he  e l a s t i c  b lade .  In f a c t ,  a t  t h e  h i g h  C T f / o  c o n d i t i o n s  t h e r e  i s  

a s e v e r e  power p e n a l t y  observed  f o r  b o t h  b l a d e s .  

A t  t h i s  p o i n t ,  

T h e  nex t  phase o f  t h e  i n v e s t i g a t i o n  was t o  de te rmine  what a s p e c t  

of  t h e  aerodynamics o f  t h e  r o t o r  system had t h e  g r e a t e s t  i n f l u e n c e  

i n  l i m i t i n g  t h e  maximum a t t a i n a b l e  l i f t  of t h e  r o t o r .  F i r s t  of  a l l ,  

t h e  n o n - l i n e a r  compress ib l e  aerodynamic; terms were removed from 

t h e  a n a l y s i s  so  t h a t  on ly  l i n e a r  aerodynamics remained f o r  t h e  l i f t  
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and drag  c o e f f i c i e n t s .  These c o e f f i c i e n t s  were computed a s  
f o l l o w s :  

C l  = 5.73a 

C d  = .012 + , 5 4 0 ~ ~  

where a i s  t h e  s e c t i o n  a n g l e  o f  a t t a c k .  The v a l u e s  o f  t h e  p i t c h i n g  

moment c o e f f i c i e n t ,  C,, were o b t a i n e d  from t h e  compress ib l e  a e r o -  

dynamics a i r f o i l  t a b l e s  a s  be fo re .  

The r e s u l t i n g  thrust  d i s t r i b u t i o n  u s i n g  l i n e a r  aerodynamics i s  

g iven  i n  Figure 4.7 a t  t h e  p = . 53 ,  C t T / o  = .114 c o n d i t i o n .  

shown f o r  comparison i s  t h e  e l a s t i c  b l ade  n o n - l i n e a r ,  ' compress ib l e  

aerodynamics c a s e .  I t  can be seen  t h a t  t he  az imutha l  v a r i a t i o n  of  

t o t a l  t h r u s t  i s  s i g n i f i c a n t l y  a l t e r e d  when t h e  a n a l y s i s  i s  r u n  w i t h  

l i n e a r  aerodynamics on ly .  The r eg ion  of n e g a t i v e  t h r u s t  around 

I/J = 75' t o  $ = 90° has been v i r t u a l l y  e l i m i n a t e d  because t h e  

r e t r e a t i n g  b l ade  can now p r o v i d e  a h i g h  l e v e l  of l i f t ,  and t h e  

t h r u s t  i s  now more uni formly  d i s t r i b u t e d  around t h e  azimuth.  The 

Also 

r o o t  p i t c h  a n g l e  d i s t r i b u t i o n  around t h e  azimuth f o r  t h i s  c a s e  i s  

g iven  i n  F i g u r e  4.8. The r e s u l t s  a r e  no t  n o t i c e a b l y  d i f f e r e n t  from 

the  b a s i c  e l a s t i c  b l a d e  c a s e  w i t h  n o n - l i n e a r ,  compress ib l e  a e r o -  

dynamics. T h i s  i s  ev idence  t h a t  t h e  mechanism which r e s t r i c t s  t h e  

maximum a t t a i n a b l e  l i f t  i s  r e l a t e d  t o  aerodynamic s t a l l  e f f e c t s .  

W i t h  t h e  knowledge t h a t  i t  i s  some a s p e c t  of  t h e  n o n - l i n e a r i t i e s  

and e f f e c t s  of  t h e  maximum s e c t i o n  l i f t  c o e f f i c i e n t  i n  t h e  a e r o -  

dynamics of  t h e  r o t o r  a s  we l l  a s  b l ade  f l e x i b i l i t y  t h a t  l e a d s  t o  a 

l i f t  l i m i t ,  t h e  n e x t  s t e p  was t o  vary  c e r t a i n  pa rame te r s  i n d i v i d u a l l y  
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t o  de te rmine  which o f  t h e  aerodynamic e f f e c t s  d e f i n e  t h e  l i f t  l i m i t .  

T h e  f i r s t  i tem t o  be i n v e s t i g a t e d  was c o m p r e s s i b i l i t y  o r  h i g h  Mach 

number e f f e c t s .  In t h e  a n a l y s i s ,  t h e  speed of sound was a r t i f i c i a l -  

l y  doubled s o  t h a t  a l l  Mach numbers computed w o u l d  be h a l f  t h e i r  

a c t u a l  va lue .  T h e  advancing b l ade  t i p  Mach number t h u s  never  exceeded 

= . 5 .  T h i s  e l i m i n a t e d  any c o m p r e s s i b i l i t y  d u e  t o  Mach M1 ( 9 0 )  
number e f f e c t s .  T h e  r e s u l t i n g  t h r u s t  v a r i a t i o n  w i t h  azimuth i s  

shown i n  F igu re  4.9.  A l s o  shown f o r  comparison i s  t h e  v a r i a t i o n  

o f  t o t a l  t h rus t  f o r  t h e  e l a s t i c  b l ade  w i t h  f u l l  n o n - l i n e a r ,  

compress ib l e  aerodynamics.  I t  i s  q u i t e  e v i d e n t  t h a t  t h e r e  i s  only  

a small  e f f e c t  o f  c o m p r e s s i b i l i t y  o r  o t h e r  Mach number 

r e l a t e d  e f f e c t s  o n  t h e  l i f t  c a p a b i l i t y  of t h e  r o t o r .  

Next t he  impact  o f  s t a l l  d e l a y  on t h e  t h r u s t  d i s t r i b u t i o n  was 

cons ide red .  The s t a l l  de l ay  f u n c t i o n s  i n  t h e  a n a l y s i s  were i n p u t  

a s  z e r o ,  removing t h e  s t a l l  d e l a y  e f f e c t s  from t h e  r e s u l t s .  The 

az imutha l  v a r i a t i o n  of t o t a l  t h r u s t  f o r  t h i s  c a s e  i s  g i v e n  i n  

F i g u r e  4.10 a long  w i t h  t h e  co r re spond ing  c a s e  w i t h  s t a l l  d e l a y  

inc luded .  The s t a l l  d e l a y  e f f e c t  appea r s  a s  a 15' t o  Z O O  s h i f t  

i n  azimuth o f  t he  waveform b u t  does n o t  change t h e  magnitude and 

w i l l  n o t  s i g n i f i c a n t l y  a l t e r  t he  l i f t  l i m i t .  

W i t h  t h e  s t a l l  de l ay  and C o m p r e s s i b i l i t y  e f f e c t s  e l i m i n a t e d  

a s  a s o u r c e  of t he  l i f t  l i m i t s ,  t he  drag  r i s e  a t  l a r g e  a n g l e s  was 

i n v e s t i g a t e d  a s  a p o s s i b l e  mechanism. T h e  n o n - l i n e a r ,  compress ib l e  

aerodynamics a i r f o i l  t a b l e s  were used t o  o b t a i n  C L  and C M .  The drag  

c o e f f i c i e n t  was i n p u t  a s  a c o n s t a n t  of C,, = .012,  which i s  t h e  va lue  

I 
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of C D  a t  M = . 5  f o r  small  a n g l e s .  

i s  e s s e n t i a l l y  no  d i f f e r e n c e  i n  t h r u s t  ve r sus  azimuth between t h e  

two cases  of a n  e l a s t i c  b lade  with and w i t h o u t  induced d rag .  

However, t h e  a n a l y t i c a l  ca se  w i t h  no d r a g  r i s e  a t  high a n g l e s  of 

a t t a c k  has a power requi rement  c o n s i d e r a b l y  l e s s  than t h e  e l a s t i c  

b lade  wi th  induced d r a g .  The d i f f e r e n c e  in  power c o e f f i c i e n t s  i s  

C p / ~  = .0098 f o r  no  d r a g  r i s e  ve r sus  C p / ~  = .0243 f o r  t h e  case  with 

induced drag .  Due t o  t h e  lower power r equ i r emen t ,  a h ighe r  va lue  

of l i f t  can be ob ta ined  be fo re  t h e  sha rp  r i s e  i n  power r e q u i r e d  

i s  encountered .  This  comparison i s  seen i n  F igure  4 . 1 2 ,  showing 

t h a t  t h e  l i f t  l i m i t  i s  indeed i n f l u e n c e d  by t h e  i n c r e a s e  in  d r a g  

due t o  induced d r a g  e f f e c t s  a t  high Mach number. 

As  seen i n  F igure  4 . 1 1 ,  t h e r e  

To a s c e r t a i n  why t h e  r eg ion  of n e g a t i v e  t h r u s t  develops a t  @ = 90° 

we look a t  t h e  requi rement  f o r  r o l l  moment e q u i l i b r i u m .  As mentioned 

e a r l i e r  and seen i n  F igure  4 . 1 ,  t h e  t h r u s t  i s  p r i m a r i l y  developed 

f o r e  a n d  a f t  on t h e  rotor .  Due t o  t h e  very low dynamic p r e s s u r e  

o n  t h e  r e t r e a t i n g  b lade  t h e r e  i s  on ly  a small  a m o u n t  of t h r u s t  

gene ra t ed  a r o u n d  t h i s  r e g i o n .  The demand f o r  h ighe r  a n d  h ighe r  

t h r u s t  l e v e l s  r e s u l t s  i n  some t h r u s t  being developed in  t h e  advancing 

b lade  r eg ion .  To ma in ta in  r o l l  e q u i l i b r i u m ,  t h e r e f o r e ,  some 

n e g a t i v e  t h r u s t  must be developed.  rl 

-_--I___I^_ ~ 

The c o n t r i b u t i o n  of t h r u s t  a t  each azimuth l o c a t i o n  t o  t h e  t o t a l  

r o l l  moment i s  p re sen ted  in  F igu re  4.13.  F o r  t h e  e l a s t i c  b lade  

c a s e  w mics used i n  t h e  l i f t  - 
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c a l c u l a t i o n s ,  no te  h o w  t h e  small  amount of  t h r u s t  on  t h e  r e t r e  

b lade  c o n t r i b u t e s  on ly  a small a m Q u n t  t o  t h e  r o l l  moment. 

advancing b lade  s i d e  o f  t h e  d i s c  p l a n e ,  t h e r e  i s  a l a r g e  

t i o n  t o  t h e  moment between 11, = 1 2 0 0  a n d  11, = 1 5 0 ° .  To ba lance  t h  

r o l l  moment, t h e  r eg ion  o f  n e g a t i v e  moment between 11, = 750 and 

$ = 1 2 0 °  i s  r e q u i r e d .  

Note what happens when l i n e a r ,  i ncompress ib l e  aerodynamics a r e  

used i n  t h e  c a l c u l a t i o n  of l i f t .  Now t h e r e  i s  t h e  c a p a b i l i t y  t o  

develop much l a r g e r  l e v e l s  o f  t h r u s t  o n  t h e  r e t r e a t i n g  b lade  ( s e e  

F igure  4 . 7 ) .  F o r  t h i s  reason  t h e r e  i s  a g r e a t e r  con t r ' i bu t ion  t o  

t he  r o l l  moment on t h e  r e t r e a t i n g  s i d e ,  which a l lows  f o r  a g r e a t e r  

p o s i t i v e  moment on t h e  advancing s i d e .  As can be seen i n  

F igure  4 . 1 3 ,  t h i s  n o t i c e a b l y  reduces  t h e  need f o r  a n e g a t i v e  moment 

(hence n e g a t i v e  t h r u s , t )  reg ion  on  t h e  advancing blade p o r t i o n  o f  t he  

r o t o r  d i s c .  

W i t h  t h e  e x p l a n a t i o n  of t h e  sou rce  of t h e  n e g a t i v e  t h r u s t  r e g i o n ,  

t h e  r e s u l t i n g  h i g h  n e g a t i v e  ang le s  o f  a t t a c k  a n d  t h e  i n c r e a s e d  d r a g  

due t o  c o m p r e s s i b i l i t y ;  i t  i s  now p o s s i b l e  t o  e x p l a i n  some of t h e  

t r e n d s  of l i f t  ve r sus  power r e q u i r e d  a n d  l i f t  l i m i t  versus  advance 

r a t i o  b r o u g h t  u p  i n  s e c t i o n  3 of t h i s  r e p o r t .  

The primary i s s u e  i s  t h e  shape of  t h e  l i f t  l i m i t  curve  ve r sus  

advance r a t i o  ( F i g u r e  3 .1 .9 ) .  To unders tand  t h i s  t r e n d ,  i t  i s  

u se fu l  t o  look a t  t h e  t o t a l  t h r u s t  ve r sus  azimuth l o c a t i o n  a t  t h e  

l i f t  l i m i t  f o r  each advance r a t i o  a s  shown i n  F igu re  4 .14 .  Each 
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curve  has t h e  c h a r a c t e r i s t i c  n e g a t i v e  l i f t  r eg ion  around Q = 90° 

which has been s h o w n  t o  be symptomatic o f  t he  need t o  ma in ta in  

r o l l  moment e q u i l i b r i u m ,  and t h e  r e s u l t i n g  n e g a t i v e  a n g l e s  of  

a t t a c k  l e a d s  t o  a d rag  r i s e  which l imi t s  t h e  r o t o r  performance. 

There i s  a d i s t i n c t  change i n  t h e  shape of  t h e  cu rves  around 

Q = 15O t o  Q = 60' i n  going from 1-1 = .45 t o  1-1 = .53.  There i s  a 

d i s t i n c t  s t a l l e d  r e g i o n  a t  Q = 30' f o r  t he  h i g h e r  advance r a t i o s  

which i s  n o t  p r e s e n t  a t  advance r a t i o s  o f  1-1 = . 4 5  a n d  below. 

This  r e g i o n  of s t a l l  was shown e a r l i e r  t o  be r e l a t e d  t o  e l a s t i c  

b l ade  e f f e c t s  because w h e n  t h e  b l ade  was made r i g i d  f l 'apwise and 

t o r s i o n a l l y  i n  t h e  a n a l y s i s  t h i s  s t a l l e d  r e g i o n  d i sappea red  

( F i g u r e  4 . 3 ) .  The hypo thes i s  was p r o p o s e d  when f i r s t  d i s c u s s i n g  

Figure  4 .3  t h a t  t he  s t a l l e d  r eg ion  a t  Q = 30° was r e l a t e d  t o  h i g h  

d rag  a n d  b l ade  f l a p  d e f l e c t i o n  combining t o  d e c r e a s e  t h e  t w i s t .  

S i m i l a r  r eason ing  i s  a p p a r e n t l y  a p p l i c a b l e  i n  t h i s  s i t u a t i o n  a s  

w e l l .  A t  1-1 = . 4  and 1-1 = . 4 5 ,  t h e  mechanism which produces t h e  

e l a s t i c  r e sponse  i s  p r e s e n t  and i s  i n d i c a t e d  by t h e  p l a t e a u  i n  

t h r u s t  a t  Q = 30°. There i s  a s e v e r e  s t a l l  e f f e c t  on t h e  a f t  

p o r t i o n  of t h e  r o t o r  d i s c  a t  Q = 45' f o r  1-1 = .61 and t h e r e  i s  a 

s l i g h t  d e g r a d a t i o n  i n  i i f t  o n  t h e  forward p a r t  of t h e  r o t o r  d i s c  

a t  Q = 165'. 

F igu res  4.15 and 4.16 show the  az imutha l  v a r i a t i o n  of  t h r u s t  per 

b l ade  w i t h  i n c r e a s i n g  l e v e l s  of t h r u s t  f o r  1-1 = . 4  and 1-1 = .53  

r e s p e c t i v e l y .  

d o e s  n o t  deve lop  u n t i l  t h e  l i f t  l i m i t  i s  approached,  t h e  s t a l l e d  

Note t h a t  w h i l e  t h e  Q = 90' n e g a t i v e  l i f t  r eg ion  
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r e g i o n  a t  I) = 30' t o  I) = 45' o c c u r s  t h r o u g h o u t  t h e  t h r u s t  r a n g e  

f o r  1-1 = . 5 3 .  T h e  e x p l a n a t i o n  f o r  t h i s  may b e  d u e  t o  t h e  7 6 %  

i n c r e a s e  i n  p r o p u l s i v e  f o r c e  r e q u i r e d  f o r  a c o n s t a n t  X/qd2a  

r e q u i r i n g  a l a r g e r  s h a f t  a n g l e  a n d  c y c l i c  a n g l e  t o  g e n e r a t e  t h e  

n e e d e d  t i p  p a t h  p l a n e  a n g l e .  

C o n s i d e r  F i g u r e  4 . 1 7  w h i c h  i s  a d u p l i c a t i o n  o f  a p o r t i o n  o f  

F i g u r e  3 . 1 . 1 1 .  R e c a l l  t h a t  t h e  a n a l y t i c a l  p o i n t s  were g e n e r a t e d  

m a t c h i n g  t h r u s t  a n d  c y c l i c  p i t c h .  While t h e  p r o p u l s i v e  f o r c e  i s  

h i g h e r  t h a n  t h a t  o b t a i n e d  i n  t e s t ,  t h e  p r o p u l s i v e  f o r c e  f o r  e a c h  

a n a l y t i c a l  p o i n t  i s  t h e  same .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  

p o i n t s  l a b e l e d  " A "  a n d  I 'B"  i n  t h e  f i g u r e .  P o i n t  " B "  i s  o b t a i n e d  

by a l l o w i n g  t h e  r o t o r  t o  f l a p  more  i n  t h e  f o r w a r d  p a r t  o f  t h e  d i s c  

p l a n e ,  i n c r e a s i n g  t h e  a n g l e  o f  a t t a c k  i n  t h a t  r e g i o n  a n d  p r o d u c i n g  

more  t h r u s t ,  a n d  by r e d u c i n g  t h e  a n g l e  o f  a t t a c k  on t h e  a f t  p o r t i o n  

o f  t h e  r o t o r  d i s c  p r o d u c i n g  l e s s  t h r u s t  i n  t h i s  r e g i o n .  T h e  i n c r e a s e  

i n  t h rus t  i s  g r e a t e r  t h a n  t h e  l o s s  i n  t h r u s t ,  r e s u l t i n g  i n  a n e t  

i n c r e a s e  i n  r o t o r  l i f t .  T h i s  i n d i c a t e s  t h e  a m g u n t  o f  s t a l l  e x p e r i e n c e d  

by t h e  r o t o r  i s  l o w e r  a n d  hence the  power  r e q u i r e d  f o r  p o i n t  I I B "  c a n  

b e  t he  same a s  p o i n t  ' 'A ' '  even t h o u g h  t h e  l i f t  i s  h i g h e r .  F i g u r e  4 . 1 8  

i s  a p l o t  o f  t h e  a z i m u t h a l  v a r i a t i o n  o f  t o t a l  t h rus t  f o r  t hese  two 

a n a l y t i c a l  c a s e s .  N o t e  t h a t  c a s e  ' I B "  d o e s  h a v e  a d r o p  i n  th rus t  a t  

$ = 45O f o l l o w e d  by a r e c o v e r y  f r o m  s t a l l  , w h i l e  c a s e  ' ' A "  shows  o n l y  

t h e  d e v e l o p m e n t  o f  a s m a l l  n e g a t i v e  l i f t  r e g i o n  a r o u n d  $ = 75' t o  

$ = 1 0 5 0 .  T h e r e f o r e  i t  d o e s  a p p e a r  t h a t  t h e  s t a l l  r e g i o n  c a n  b e  a 

f u n c t i o n  o f  trim, a f f e c t i n g  t h e  t r e n d  o f  t h r u s t  versus power  r e q u i r e d .  

' 1 0 0  
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As a f i n a l  v e r f i c a t i o n  of o u r  e x p l a n a t i o n  f o r  t h e  behavior  of  t he  

r o t o r  a t  h i g h  l i f t  and h i g h  speed we t a k e  a n o t h e r  look a t  t h e  

az imutha l  v a r i a t i o n  o f  f l a p  bending and b l ade  t o r s i o n .  I t  was 

s t a t e d  e a r l i e r  i n  t h i s  s e c t i o n  t h a t  t h e  combinat ion of  h i g h  l i f t  

caused coning and t h e  c e n t r i f u g a l  r e s t o r i n g  moment caused a 

downward bending of  t h e  b l ade  a s  i t  approached s t a l l .  Refer  aga in  

t o  F igure  3 .3 .2  and note  how a t  I/J = 45O t h e r e  i s  a r a p i d  d e c r e a s e  

i n  f l a p  b e n d i n g  which i s  ev idence  of  t h e  downward d e f l e c t i o n  of t h e  

b l ade .  Th i s  e f f e c t  i s  a m p l i f i e d  a s  t h e  l i f t  i s  i n c r e a s e d .  I t  was 

a l s o  s t a t e d  t h a t  t h e  h i g h  d rag  a c t e d  on t h i s  downward d e f l e c t i o n  t o  

produce a nosedown t w i s t  a t  I/J = 4 5 O .  As t h e  b l ade  u n s t a l l e d  i t  

w o u l d  tw i s t  back t o  i t s  former p o s i t i o n  u n t i l  I/J = 90°, where t h e  

l o n g i t u d i n a l  c y c l i c  and h i g h e r  i n p l a n e  v e l o c i t y  w o u l d  produce a l a r g e  

n e g a t i v e  s e c t i o n  a n g l e  of a t t a c k .  L o o k i n g  aga in  a t  Figure 3.3.12 

c l e a r l y  shows t h i s  e f f e c t .  A t  t h e  h ighe r  l e v e l s  o f  l i f t  t h e r e  i s  

a nosedown t w i s t  e v i d e n t  a t  I/J = 4 5 O .  T h e  b l a d e  s t a r t s  t o  tw i s t  back 

aga in  u n t i l  = 90° where a r a p i d  d e c r e a s e  i n  t w i s t  t o  a l a r g e  

n e g a t i v e  va lue  i s  i n d i c a t e d .  T h u s  t h e r e  i s  s t r o n g  s u p p o r t  f o r  t h e  

e x p l a n a t i o n  of  t h e  r o t o r  behavior  a t  h i g h  speed near  t h e  l i f t  l i m i t .  
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5 . 0  M O D E L  A N D  F U L L  SCALE P E R F O R M A N C E  PREDICTION 

The w i n d  t u n n e l  t e s t i n g  p r o v i d e d  t h e  d a t a  t h a t  de f ines  t h e  

c a p a b i l i t y  a n d  t h e  l i m i t s  t o  t h e  model r o t o r  o p e r a t i o n .  Reference 

1 presented a l imi t ed  c o r r e l a t i o n  o f  a r a p i d  p r e l i m i n a r y  d e s i g n  

p e r f o r m a n c e  p r o g r a m  w i t h  t h i s  t e s t  d a t a .  T h e  p r e d i c t i o n  p r o g r a m ,  

SRIBR, i s  u s e d  p r i m a r i l y  f o r  p r e l i m i n a r y  d e s i g n  s t u d i e s  o f  v a r i o u s  

r o t o r  c o n f i g u r a t i o n s  s i n c e  i t  h a s  numerous  o p t i o n s  and  h a s  a 

c o m p u t a t i o n a l  time o f  1 0  t o  1 5  s e c o n d s  o f  m a c h i n e  t ime.  SRIBR 

i s  a s t r i p - t h e o r y  a n a l y s i s  w i t h  an a s sumed  t i p  l o s s  a n d  an  i n d u c e d  

v e l o c i t y  c a l c u l a t e d  a s  a f u n c t i o n  o f  t h e  l o c a l  l o a d i n g  t o  a p p r o x i m a t e  

t h e  n o n u n i f o r m  downwash. The e q u a t i o n s  a r e  w r i t t e n  i n  t he  t i p -  

p a t h - p l a n e  a x i s  s y s t e m  which  e l i m i n a t e s  t h e  r e q u i r e m e n t s  f o r  i t e r a t i n g  

o n  b l a d e  f l a p p i n g -  and  the. a i r f o i l  c h a r a c t e r i s t i c s  a r e  a p p r o x i m a t e d  

w i t h  a s e r i e s  o f  e q u a t i o n s .  

An  e x p a n d e d  c o r r e l a t i o n  o f  t h e  SRIBR p r e d i c t i o n s  o f  r o t o r  l i f t  

c o e f f i c i e n t  ( c T ' / o )  a n d  r o t o r  power c o e f f i c i e n t  w i t h  t e s t  d a t a  i s  

presented  i n  Figures  5 . 1  and  5.2 a t  a d v a n c e  r a t i o s  o f  0 . 2 ,  0 . 4 ,  

0 . 4 5 ,  0 . 5 ,  0 . 5 3 ,  a n d  0 . 5 7 .  T h e  r e s u l t i n g  c o r r e l a t i o n  i s  good f o r  

t h e  b a s i c  l e v e l  o f  p e r f o r m a n c e  b u t  t h e  maximum l i f t  p r e d i c t e d  

i s  s i g n i f i c a n t l y  h i g h e r  t h a n  a c t u a l l y  o b t a i n e d  by t h e  model a t  

a d v a n c e  r a t i o s  u p  t o  0 . 4 5 .  From 1.1 = 0 . 5 0  t h e  maximum l i f t  p r e d i c t e d  

i s  a p p r o x i m a t e l y  t h e  same a s  t e s t  d a t a .  A summary o f  t h e  p e r f o r m a n c e  

i s  presented  i n  Figure 5 . 3  a s  t he  maximum l i f t  t o  e f f e c t i v e  d r a g  

r a t i o  f o r  t h e  m o d e l .  The p r e d i c t i o n  i s  s l i g h t l y  low u p  t o  an  

a d v a n c e  r a t i o  o f  0 . 4  and  i s  s l i g h t l y  h i g h  a t  a d v a n c e  r a t i o s  beyond 

0 . 4 ;  b u t  t h e  o v e r a l l  p e r f o r m a n c e  p r e d i c t i o n  c a p a b i l i t y  o f  SRIBR 

i s  a c c e p t a b l e .  
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The p r e d i c t i o n  method can be used t o  s c a l e  t h e  t e s t  d a t a  u p  t o  

f u l l  s c a l e  by u s i n g  f u l l  s c a l e  a i r f o i l  c h a r a c t e r i s t i c s  t o  d e f i n e  

t h e  performance increments  from t h e  model  p r e d i c t i o n s  and adding 

them t o  t h e  t e s t  d a t a .  F igu res  5 . 4  and 5 .5  p r e s e n t  t h e  comparison 

of t h e  f u l l  s c a l e  and model s c a l e  performance,  i n  terms o f  r o t o r  

l i f t  c o e f f i c i e n t  ( c T ' / 5 )  

advance r a t i o s  of 0 . 2 ,  0 . 4 ,  0 .45 ,  0 .50,  0 .53 and 0.57. There i s  

a s l i g h t  red  n i n  r o t o r  power r e q u i r e d  a t  t h e  lower l e v e l s  of  

r o t o r  l i f t  c o e f f i c i e n t  a t  1.1 = 0 . 2 0 .  As t h e  advance r a t i o  i n c r e a s e s ,  t h e  

and r o t o r  power c o e f f i c i e n t  ( ~ p / o ) ,  a t  

- -  -" 

improvement i n  rotor  power c o e f f i c i e n t  a l s o  becomes g r e a t e r  between 

f u l l  s c a l e  and model s c a l e .  There i s  no d i f f e r e n c e  i n  t h e  maximum 

l i f t  between t h e  f u l l  s c a l e  and model s c a l e  p r e d i c t i o n s ;  t h e r e f o r e  

t h e  maximum l i f t  d e f i n e d  by model t e s t  should be r e p r e s e n t a t i v e  

of  f u l l  s c a l e .  U t i l i z i n g  t h i s  d i f f e r e n c e  i n  performance l e v e l  and 

t h e  model maximum l i f t  t o  e f f e c t i v e  d r a g  r a t i o ,  an e s t i m a t e  o f  t h e  

f u l l  s c a l e  maximum l i f t  t o  e f f e c t i v e  drag  r a t i o  was d e f i n e d  and i s  

p r e s e n t e d  i n  F i g u r e  5 . 6 .  The f u l l  s c a l e  maximum c r u i s e  performance 

i s  achieved  a t  an advance r a t i o  of 0 .4  w i t h  an L / D E  of 9 . 8 .  
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6 . 0  CONCLUSIONS 

1 .  

2 .  

3 .  

The A e r o e l a s t i c  R o t o r  A n a l y s i s  P r o g r a m ,  C-60, p r e d i c t s  a 

s i m i l a r  v a r i a t i o n  i n  r o t o r  power  w i t h  t h r u s t  a t  each a d v a n c e  

r a t i o  a n d  p r o p u l s i v e  f o r c e  a s  c o m p a r e d  t o  t e s t  d a t a ,  b u t  

u n d e r p r e d i c t s  t h e  l e v e l  o f  r o t o r  p o w e r .  

T h e  C-60 a n a l y s i s  a d e q u a t e l y  p r e d i c t s  t h e  l i f t  l i m i t  v a r i a t i o n  

w i t h  a d v a n c e  r a t i o .  

The m i d s p a n  f l a p  b e n d i n g  l o a d s  c o r r e l a t i o n  i s  g o o d ,  whi le  t he  

r o o t  a n d  m i d s p a n  t o r s i o n  l o a d s  c o r r e l a t i o n  i s  f a i r .  

4 .  The l i f t  l i m i t  i s  d e f i n e d  by t h e  r o t o r  b e h a v i o r  i n  t h e  f o r e  

a n d  a f t  r e g i o n  o f  t h e  r o t o r  d i s c ,  p a r t i c u l a r l y  by t h e  r e g i o n  

o f  s t a l l  a r o u n d  + = 3 0 ° .  

5 .  The r e g i o n  o f  s t a l l  i s  a r e s u l t  o f  t h e  n o n l i n e a r  a e r o d y n a m i c  

l o a d i n g  a c t i n g  on t h e  e l a s t i c a l l y  d e f o r m e d  b l a d e  a t  h i g h  l i f t  

l e v e l s .  The h i g h  d r a g  l o a d i n g  a c t s  on  t h e  downward d e f l e c t i o n  

o f  t h e  e l a s t i c  b l a d e  t o  p r o d u c e  a n o s e d o w n , t w i s t  c a u s i n g  t h e  

b l a d e  t o  u n s t a l l  a t  + = 45'. 

6 .  The p r e l i m i n a r y  d e s i g n  p e r f o r m a n c e  p r e d i c t i o n  p r o g r a m ,  SRIBR, 

a d e q u a t e l y  p r e d i c t s  t h e  maximum l i f t / e f f e c t i v e  d r a g  r a t i o .  
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7.0 RECOMMENDATIONS 

Since the lift limit is due to a torsion-flap coupling induced 

by high drag loads, it is proposed that a means of eliminating 

or delaying this effect could be investigated by: 

1. Tailoring the blade flap stiffness to alter the elastically 

deflected shape of the blade. 

2. Tailoring the blade torsional stiffness to alter the 

flap-torsion coupling and reduce the induced nosedown twist. 

3 .  Analytically defining the airfoil pitching moment effect to 

determine its effect on the stall region and experi.mentally 

substantiating this. 
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